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Electrochemical reactions represent a promising energy conversion route yet its 
large scale application had always been hindered by large overpotential and low 
selectivity. This dissertation aims to investigate the catalysis of alcohol electro-oxidation 
and hydrogen evolution reaction, which are crucial reactions in direct alcohol fuel cells 
(DAFCs) and water electrolyzers. 
Nanomaterials with various compositions, morphologies and structures were 
investigated for electro-oxidation of ethanol and ethylene glycol. All catalysts exhibited 
enhance activity while sphere-like Pt3Sn/C exhibited enhanced CO2 activity. By 
conducting a carefully designed KOH treatment to remove surface SnOx species, the dual 
role of Sn species in Pt3Sn/C was revealed. 
The electro-oxidation of glycerol on Pt was also investigated combining sum 
frequency generation (SFG) and electrochemistry. Adsorbed CO, which is the crucial 
reaction intermediate for CO2, was observed by SFG on Pt surface at as low as 0.05 V 
and persisted until 0.7 V. However, CO2 selectivity was characterized to be below 4 % by 
GC-MS. Such difference could be ascribed to facility of C-C bond cleavage in glycerol 
while hindered *CO oxidative removal on Pt surface at low potential region. Isotopically 
labelled glycerol experiment also revealed that middle carbon contributes a minor portion 
of produced CO2, indicating cleavage of C-C bond in remaining C2 moiety is more 
challenging than that in initial C3 molecule.  
In addition to alcohol electro-oxidation, we also investigated hydrogen evolution 
reaction (HER). Novel two dimensional MoS2 nanosheets were successfully synthesized 
and their HER activity were demonstrated to be merely moderately lower than Pt/C. 
iii 
 
The results of this dissertation provide mechanism insight about catalysis of 
alcohol electro-oxidation and hydrogen evolution reaction, and suggest promising 
directions for the development of DAFCs and water electrolyzers. 
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Chapter 1. Introduction 
1.1 Background and motivation 
The human society has been relying on fossil fuel combustion as the primary 
energy source for more than one century and it had brought technology, industrialization 
and prosperities. Yet now, human beings are facing the unsustainability of fossil fuel. The 
global consumption of fossil fuels has been increasing rapidly and the reserves are 
expected to exhaust as early as 2088, as presented in Figure 1.1.1. Therefore searching 
for sustainable energy sources and developing relevant techniques is an urgent task for 
researchers. 
 
Figure 1.1.1. Estimated global fossil fuel reserve from 2011-2088. Source: 
http://www.americancoalcouncil.org/page/natural_resources 
 




































Alcohol is a promising energy resource due to its sustainability, high energy 
density and clean products1. Ethanol is the most widely used alcohol since it could be 
produced from crops including corns, sugarcanes etc.2 United States produces over half 
of global ethanol, as is shown in Figure 1.1.2.  Ethanol has been added into gasoline for 
cars in Brazil for decades3 and is now being increasingly used for same purpose in the 
United States. 
 
Figure 1.1.2. Production of ethanol in 2013 by countries. Adapted with permission from 
Ref 4.4 Copyright 2016 Elsevier. 
 Instead of combustion, ethanol could also be utilized by feeding into Direct 
Ethanol Fuel Cells (DEFCs). DEFCs are challenged by the missing of ideal 
electrocatalysts for Ethanol Oxidation Reaction (EOR). Platinum has been mostly used 
and investigated but its activity and selectivity is still pending improvement. This work 
3 
 
aimed to design and synthesize nanomaterials for the electrocatalysis of EOR for 
enhanced activity as well as selectivity toward complete oxidation. Alcohols other than 
ethanol, e.g. ethylene glycol and glycerol, were also investigated to help understand the 
mechanism of alcohol electro-oxidation. Three electrode system was implemented for the 
investigation of surface property and alcohol electro-oxidation activity of catalysts. Gas 
Chromatography-Mass Spectrometry (GCMS) and Nuclear Magnetic Resonance (NMR) 
was adopted for product characterization. In addition, Sum Frequency Generation (SFG) 
was implemented for characterizing the species adsorbed on Pt during alcohol electro-
oxidation. With the understanding of activity, selectivity and mechanism, catalysts were 
further improved to enhance their performance. The ultimate goal of this work is to 
develop catalysts that could be implemented in a real Direct Alcohol Fuel Cell (DAFC). 
Figure 1.1.3 describes the overview of this work. 
 
Figure 1.1.3. Overview of this work on catalysts exploration of alcohol electro-oxidation. 
Hydrogen is another promising renewable energy source yet its production is 
challenging5. Water electrolysis is a feasible method and its large scale application is 
prohibited by high cost and scarcity of Pt catalyst for Hydrogen Evolution Reaction 







(HER). This work also explores inexpensive and abundant HER catalysts as alternative 
for Pt. 
1.2 Introduction of Nanomaterials 
 The study of nanomaterials has a long history and extensively boomed with the 
maturity of microscope techniques. Their small size (1-100 nm) endowed them with 
unique optical and mechanical properties that could be designed and engineered for 
various purposes6. The synthesis methods of nanomaterials could be divided into two 
categories: “Bottom Up” and “Top Down”. Top down methods breaks down bulk 
materials into nanometer scale, including: mechanical exfoliation7, chemical exfoliation8-
10, ball milling11 etc. Top down methods usually result in a broad distribution of size and 
shape in product. Bottom up methods, on the other hand, make atoms self-assemble into 
nanomaterials and the size and shape of product could be better controlled. Typical 
bottom up method include Chemical Vapor Deposition (CVD)12 and solvothermal 
method13-14 while solvothermal method is most widely adopted for application because of 





Figure 1.2.1. (a) La Mer Plot and (b) Sketch of typical solvothermal experimental setup 
of nanoparticle synthesis. Adapted with permission from Ref 14.14 Copyright 2009 Royal 
Society of Chemistry. 
In solvothermal method, atoms provided from salt precursors go through 
nucleation and Ostwald ripening before forming uniform size and shape nanomaterials 
(see figure 1.2.1a)15. Quick nuclei formation is triggered by sufficient concentration of 
precursor and appropriate temperature. The nucleation process is typically rather fast and 
consumes all metal precursors in a short period of time. During this process the nuclei 
concentration increases significantly and the nuclei sizes grow slightly. Then the nuclei 
and small nanoparticles go through Ostwald ripening, a process induced by the 
competition of volume free energy and surface energy, resulting in the sacrifice of small 
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nanoparticles and growth of bigger nanoparticles16. After that, the nanoparticles will 
slowly reach uniform size and shape. 
The final size and shape of product is related to initial concentration of precursors, 
growth temperature, type and amount of organic surfactant etc. Figure 1.2.1b shows a 
sketch of typical experimental setup of nanomaterials solvothermal synthesis with 
thermometer, certain atmosphere and stirring. The solvent in this method could be 
organic or aqueous solution. Typically, glass flasks are adopted for organic solvothermal 
reactions while autoclaves with Teflon liners are implemented for hydrothermal synthesis, 
as is shown in Figure 1.2.2. 
 
Figure 1.2.2. Photo of (a) organic solvothermal and (b) hydrothermal synthesis 
experimental setup 
Characterization is a crucial and essential component in the field of nanomaterial 
research. It is important to investigate and determine the properties of synthesized 
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nanomaterials. Common characterization techniques include Transmission Electron 
Microscopy (TEM) and Scanning Electron Microscopy (SEM) for morphology 
observation, Energy Dispersive X-ray Spectroscopy (EDS or EDX) for composition 
determination, X-ray Diffraction (XRD) for crystal structure determination, X-ray 
Photoelectron Spectroscopy (XPS) for surface oxidation state investigation, Ultraviolet-
visible spectroscopy (UV-Vis) for optical property study, Dynamic Light Scattering 
(DLS) for size distribution quantification, Extended X-ray Absorption Fine Structure 
(EXAFS) and X-ray Absorption Near Edge Structure (XANES) for bond property 
investigation etc. 
 Numerous nanomaterials had been successfully synthesized and characterized.  
Their compositions vary from precious metal (e.g. Pt17-20, Au21-22, Ag23), to transition 
metal oxides/nitrides/carbides/sulfides/phosphides (MnO624, FeP25, CoP26-27, Co2P26, 
MoS228-31, Mo2C32, WC33, CdS34, Co9S835, Co3S435-36, Co1-xS37, SnO238, Co3O439-40, 
W18O4941 etc.), and binary metal alloy nanomaterials (e.g., PtNi alloy42-44, PtSn alloy45-46, 
PtFe alloy47). These nanomaterials exhibit various shape and morphology, including zero-
dimensional nanospheres13, one-dimensional nanorods48, two-dimensional nanoplates and 
nanosheets49-50 etc.  
 The spike in nanomaterial synthesis and characterization techniques around 
millennium year motivated the application of nanoparticles. Their small size and unique 
property have endowed them potential application toward nanomedicine and drug 
delivery51-52, heterogeneous catalysis53-54 as well as electrochemical catalysis55-56. This 
dissertation aims to take advantage of unique property of nanomaterial and investigate 
their applications toward electrochemical catalysis. 
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1.3 Introduction of thermodynamics and kinetics of electrochemical reactions 
Electrochemical reactions are redox reactions induced by the gain or loss of 
electrons near electrode. Typical electrochemical reactions could be written as: 
 O + ne-  R (1.3.1) 
 R - ne-  O (1.3.2) 
Where O represents oxidant and R represents reductant. Like other chemical reactions, 
electrochemical reactions are governed by thermodynamic and kinetic laws.  
 For electrochemical reaction, the change of Gibbs free energy is defined as: 
 ∆𝐺𝐺 = −𝑛𝑛𝑛𝑛𝑛𝑛 (1.3.3)  
where n is electron transfer number during reaction, F is faraday constant (≈ 96485 
C∙mol-1), E is the reaction potential. 
According to general thermodynamics, change of Gibbs free energy is also 
governed by: 
 ∆𝐺𝐺 = ∆𝐺𝐺⊖ + 𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅 (1.3.4) 
where ∆𝐺𝐺⊖ is the change of Gibbs free energy under standard state, R is gas constant 
(8.314 J∙mol-1∙K-1), T is temperature, Q is reaction quotient. 
If the ∆𝐺𝐺⊖ is substituted with 
 ∆𝐺𝐺⊖ =  −𝑛𝑛𝑛𝑛𝑛𝑛⊖ (1.3.5) 
It is easy to derive: 


























Equation (1.3.6) is called Nernst Equation. As a basic electrochemical thermodynamics 
equation, it describes the relationship of reactant activity and reaction potentials. 
 Apart from thermodynamics, reaction kinetics is also a key factor influencing 
electrochemical reactions. The rate constant km could be described by Arrhenius equation: 




here pre-exponential factor A and activation energy EA are both empirical values and 
usually determined by experiment. The activation energy could be calculated from 






To illustrate the energy change and concept of activation energy, potential energy-
distance curves are adopted57. As is shown in Figure 1.3.1, vertical axis is enthalpy 
(potential energy) and horizontal axis is distance (within reaction coordinate). Activation 
energy equals to the difference of H‡ (highest enthalpy along reaction pathway) and Hx 
(reactant enthalpy). If –TΔS term is added to ΔH, the potential energy-distance could be 










) (1.3.9)  





Figure 1.3.1. Example of potential energy-distance curves for a simple reaction XY  
 
Equations (1.3.8) and (1.3.9) could be utilized to measure and calculate activation energy 
for non-electrochemical reactions by changing temperature and measuring rate constant. 
However, it is not feasible for electrochemical reactions. The measurement has to be 
conducted under same Galvani potential, which is the potential difference between 
electrode and electrolyte. When the temperature is varied, the Galvani potential will 
change simultaneously and the relationship between temperature change and Galvani 
potential change is unknown. To solve this obstacle the concept real activation energy EA’ 








 𝑛𝑛𝐴𝐴′ = 𝑛𝑛𝐴𝐴 ± 𝛼𝛼𝑅𝑅∆𝑆𝑆  (1.3.10)  
α is the coefficient implementing the change of Galvani potential with temperature. In 
addition, considering the net charge transfer between electrode and electrolyte, the total 
Gibbs free energy should also be corrected: 
 −∆𝐺𝐺0 = −∆𝐺𝐺00 ± 𝑛𝑛𝑛𝑛𝑛𝑛 (1.3.11) 
 
Figure 1.3.2. Change of activation energy with potential change 











 𝑛𝑛𝐴𝐴′ = 𝑛𝑛𝐴𝐴0 − (±𝛼𝛼𝑛𝑛𝑛𝑛𝑛𝑛) (1.3.12) 
Substituting (1.3.12) into the Arrhenius equation, the overall rate constant could be 
expressed as: 




The equation between potentials and rate constant is helpful for the description of 
relationship between overpotential η and nominal current. It is found by experiment that 
current and overpotential follow empirical equation as: 




or, if written in Tafel form (Tafel equation) 
 𝜂𝜂 = 𝑎𝑎 + 𝑏𝑏𝑅𝑅𝑏𝑏𝑏𝑏𝑖𝑖 (1.3.15) 
Theoretical derivation could prove that current and overpotential does follow this 
equation. Consider an electrochemical reaction between oxidant and reductant 
 𝑂𝑂 + 𝑛𝑛𝐴𝐴− ⇌ 𝑅𝑅 (1.3.16) 
The reaction could proceed forward and backward simultaneously with both vf and vb 








Here hf and hb are rate constants of forward and backward reaction, CO(t) and CR(t) are 
concentration of oxidant and reductant at time t at electrode surface, ia and ic are anodic 
and cathodic component of nominal current, A is the surface area of electrode. Therefore 
the overall current will be  
 𝑖𝑖 = 𝑖𝑖𝑐𝑐 − 𝑖𝑖𝑎𝑎 = 𝑛𝑛𝑛𝑛𝐴𝐴�ℎ𝑓𝑓𝐶𝐶𝑂𝑂(𝑡𝑡) − ℎ𝑏𝑏𝐶𝐶𝑅𝑅(𝑡𝑡)� (1.3.19) 
By substituting h with equation (1.3.13) 
 
𝑖𝑖 = 𝑛𝑛𝐴𝐴𝑘𝑘𝑚𝑚 �𝐶𝐶𝑂𝑂(𝑡𝑡)𝐴𝐴𝐴𝐴𝐴𝐴 �−
𝛼𝛼𝑛𝑛𝜂𝜂
𝑅𝑅𝑅𝑅






The above equation is a precise description between current and overpotential in 
electrochemical reactions. 
 
Figure 1.3.3. Sample total current-overpotential curve 
Figure 1.3.3 is a typical current-overpotential curve for ordinary electrochemical 
reaction. Dashed line in Figure 1.3.3 show the corresponding ic and ia. When the 
electrolyte is well stirred or the reaction kinetic is sluggish compared to diffusion rate, the 
reaction is not limited by diffusion. Under such condition the concentration of oxidant 
and reductant could be treated as constant and equation (1.3.20) could be simplified to: 
 
𝑖𝑖 = 𝑖𝑖0 �𝐴𝐴𝐴𝐴𝐴𝐴 �−
𝛼𝛼𝑛𝑛𝜂𝜂
𝑅𝑅𝑅𝑅











Where i0 is the current at zero overpotential. This equation is known as Butler-Volmer 
equation. In such condition the overpotential will be mostly determined by the activation 
energy of electrochemical reaction. Take Figure 1.3.4 as an example, since the onset 
potential of curve b is lower than curve a, reaction b possess activation energy lower than 
reaction a. 
 
Figure 1.3.4. current-overpotential curve of electrochemical reactions with different 
activation energy 
According to the mathematical relationship 






it is straightforward to derive a linear relationship between current and overpotential at 
small over potentials: 
 𝑖𝑖 = −𝑖𝑖0
𝛼𝛼𝛼𝛼𝛼𝛼
𝑅𝑅𝑅𝑅
 𝑤𝑤ℎ𝐴𝐴𝑛𝑛 𝜂𝜂 → 0  (1.3.23) 
When overpotential is large, one of the two exponentials in equation (1.3.21) would be 





� equation (1.3.21) could be approximated as: 












Therefore the theoretical proof of Tafel equation is achieved. The a and b terms in 





 respectively. Following Tafel equation, plot 
of log i vs. η (known as Tafel plot) is always implemented for kinetic analysis. As is 





Figure 1.3.5. Tafel plot in ideal condition 
Above are the fundamental thermodynamics and kinetics of electrochemical 
reaction. These analysis and conclusions construct the base of our evaluation for 
electrocatalysts. 
1.4 Introduction of electrochemistry experiments and related theories 
Current electrochemistry experiments are typically conducted in a three electrode 
setting. Figure 1.4.1 shows a sketch of typical three electrode set up. These three 
electrodes are working electrode, counter electrode and reference electrode respectively. 
Working electrode and reference electrode form a circuit for potential measurement and 
control. Working electrode and counter electrode constitute another parallel circuit for 







is to avoid potential change of single electrode with current passing through. Reference 
electrode is a half cell with determined and stable potential. Typically various 
commercial reference electrodes are implemented for different electrolyte. 
 
Figure 1.4.1. (a) Illustration of three electrodes experimental set up59. (b) Photo of a 
typical three electrodes electrochemical device. 
For example, Ag/AgCl electrode for acidic electrolyte, Hg/Hg2Cl2 and Hg/HgSO4 
electrode for alkali electrolyte etc. Counter electrode could be any stable and conductive 
material. Pt wire or mesh is adopted as counter electrode very often due to its stability in 
various electrolyte and excellent conductivity. Working electrode could be bulk electrode 
or powder loaded onto commercial glassy carbon Rotating Disk Electrode (RDE). 
Electrolyte composition vary from aqueous solution (including HClO460, H2SO461, 
KHCO362, KOH63 etc.), organic solution and solid electrolyte. 
Cyclic voltammetry (CV) is the most common scanning technique. Potential is 







1.4.2. Data is presented in E-I curve, i.e. voltammogram. Current measured during CV 
could be devided into three categories: (i) charge current (double layer capacitance 
current), (ii) adsorption/desorption current and (iii) faradaic current (redox current). They 
will be introduced and discussed below. 
 
Figure 1.4.2. (a) Sample of potential change with time during cyclic voltammetry 
measurement. Sample voltammograms: (b) Co loaded on carbon in 0.1M KOH, (c) 
commercial Pt disk electrode in 0.1M KOH, (d) carbon in 2.5M H2SO4 + 2M VOSO4. 
(i) Charge current 
Not all electrodes possess the capability to let charge cross electrode-electrolyte 
interface smoothly. Under some circumstances, charge would be hindered from passing 







polarization64. Working electrode is polarizable under many conditions regardless of 
material and loaded catalyst. When net charge crossing electrode-electrolyte interface is 
zero, the electrode is considered ideal polarizable. Under such circumstance, there will be 
positive charge accumulating on electrode side and double layer dominated by negative 
charge in electrolyte near electrode (or the opposite way) as is shown in Figure 1.4.3. 
  
Figure 1.4.3. Illustration of double layer near electrode 
This electrode-electrolyte interface with double layer behaves similarly as 
capacitors in electric circuits. The capacitance volume Cd (herein Cd refers to capacitance 
per unit area) depends on potential but in most cases an average Cd is adopted through the 
whole potential range of interest. The electrolyte between working electrode and counter 

















analogy to a circuit with resistance Re and capacitance Cd. When potential is applied via 
potentiostat (electrochemistry apparatus), the relation between potential, resistance and 
capacitor is: 




Here i and q are current and charge per unit area. In the positive scan or negative scan of 
CV, potential could simply be expressed as: 
 𝑛𝑛 = 𝑣𝑣𝑡𝑡 (1.4.2) 
where v is the scan rate. Therefore an equation between q and t could be acquired: 




Equation (1.4.3) could be solved by changing i to dq/dt with fixed initial condition. 
Assuming there is no initial charge on capacitor, the solution would be: 




Equation (1.4.4) depicts the relation between charging current and time. Current increase 
to equilibrium during positive scan (decrease during negative scan) in initial charging 
process and would be constant before change of scan direction. Usually RsCd is small 
compared to t so equilibrium could be reached in a very short time (<10 s). The total 
equilibrium charging current would be  
 |𝑖𝑖𝑐𝑐| = 𝐴𝐴𝐶𝐶𝑟𝑟𝑣𝑣 (1.4.5) 
where A is electrode surface area. Equation (1.4.5) depicts a positive linear relationship 
between scan rate and total charge current. Namely, the higher scan rate, the higher 
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charge current. When scan direction changes, equation (1.4.3) is still effective and current 
will reach equilibrium of the other direction quickly. Figure 1.4.2b is a sample CV curve 
with mostly charge current and negligible faradaic current. By varying the scan rate, the 
total capacitance and relative electrochemically active surface area (ECSA) could be 
determined65-66. As is shown in Figure 1.4.4, by varying scan rate from 5 mV/s to 50 
mV/s in ideal polarizable region (i.e. negligible faradaic current) the total double layer 
capacitance of reduced graphene oxide and tanaka carbon is 0.4 mF and 1.18 mF 









Figure 1.4.4. Charge current in ideal polarizable region of (a) reduced graphene oxide 
and (c) tanaka carbon with scan rates from 5 mV/s to 50 mV/s measured in 2.5M H2SO4 
and 2M VOSO4. (b) and (d) are corresponding current-scan rate plot. 
 
(ii) Adsorption/desorption current 
Figure 1.4.2c shows a voltammogram of platinum disk electrode measured in 
0.1M KOH. Two pairs of anodic and cathodic peaks are exhibited in potential region of 
0.05-0.4 V and 0.7-1.0 V. These two pairs of peaks could be attributed to H+ 
adsorption/desorption peaks (Hupd peak) and OH- adsorption/desorption peaks17. The 
adsorption/desorption of H+ and OH- results in a current change yet this is not induced by 
reduction or oxidation. The Hupd peak area is related to amount of absorbed H+ and 
could be used to determine ECSA of Pt67. It should be pointed out that the current is 
almost flat in the potential region of 0.4 – 0.6 V in Figure 1.4.2c, this is a near ideal 
polarizable region and the current is dominated by capacitance charge current. 
(iii) Faradaic current 
Current attributed to redox reaction at electrode-electrolyte interface is defined as 
faradaic current. The voltammogram in Figure 1.4.2d is an example of faradaic current 
and peak. The anodic peak at 1.18 V corresponds to 𝑉𝑉𝑂𝑂2+ + 𝐻𝐻2𝑂𝑂 − 𝐴𝐴− → 𝑉𝑉𝑂𝑂2+ + 2𝐻𝐻+ 
and the cathodic peak at 1.05 V corresponds to its reverse reaction. In electrocatalytic 
measurements, faradaic current is the main evaluation for catalytic activity.  
Apart from CV, chrono methods are also common measurement techniques. To avoid 
interference from charge current and adsorption/desorption current, the potential could be 
held at a certain value when current is measured against time (chrono-amperometry). Or 
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the current could be set to constant while the potential is measured (chrono-
potentiometry). Figure 1.4.5a and b illustrates the applied potential or current on three 
electrode system. Figure 1.4.5c and d are sample chrono-amperometry and chrono-
potentiometry curves of commercial MoS2 in 0.1M HClO4 measured for Hydrogen 
Evolution Reaction (HER). 
 
Figure 1.4.5. Illustration of (a) chrono-amperometry and (b) chrono-potentiometry 
method and sample curve of (c) chrono-amperometry at -0.3 V and (d) chrono-
potentiometry at 10 mA/cm2 of commercial MoS2 measured in 0.1M HClO4. 
There is a sharp decrease of |i| in amperometry and increase of |E| in 










layer and possible adsorption/desorption process. The charging and adsorption/desorption 
would saturate in a very short time, in this case <2 seconds, and current or potential will 
be stable with slow change. The slow change (usually decrease in activity) could be 
attributed to decomposition or poisoning of active sites. 
1.5 Direct Ethanol Fuel Cells (DEFCs) and Ethanol Oxidation Reaction (EOR) 
Fuel cells are devices that directly convert chemical energy into electricity. With 
energy efficiency up to 50 % at room temperature69, it is more efficient than combustion 
based energy conversion techniques since the heat loss is negligible68. As is listed in table 
1.5.168, there are many types of fuel cells with different feed material and structure and 
most of them rely on hydrogen for anodic oxidation reaction. The wide application of 
hydrogen is limited by its low energy density and difficulty to store2. Ethanol is a 
promising feed for fuel cells due to its many advantages: it possess energy density as high 
as 8.01 kWh/kg1, its oxidation product is clean and it could be produced renewably from 
Table 1.5.1. Various types of fuel cell and their parameters overview. Reprinted with 




corns/sugar canes70-71 etc. Direct Ethanol Fuel Cells (DEFCs) take advantage of above 
and convert chemical energy in ethanol into electricity. The working principle of a DEFC 
is shown in Figure 1.5.1. The cathodic reaction is typically Oxygen Reduction Reaction 
(ORR), its reaction formula and standard reaction potential in acidic environment is: 
 𝑂𝑂2 + 4𝐻𝐻+ + 4𝐴𝐴− → 2𝐻𝐻2𝑂𝑂 𝑛𝑛⊝ = 1.229 𝑉𝑉 (𝑣𝑣𝑣𝑣 𝑆𝑆𝐻𝐻𝑛𝑛) 
The anodic reaction is Ethanol Oxidation Reaction (EOR). The reaction pathway 
and product of EOR is more complicated compared to ORR. Ethanol could be completely 
oxidized into CO2 or partially oxidized into acetaldehyde and acetic acid. The reactions in 
acidic condition are listed below: 
 𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 + 3𝐻𝐻2𝑂𝑂 → 2𝐶𝐶𝑂𝑂2 + 12𝐻𝐻+ + 12𝐴𝐴− 𝑛𝑛⊝ = 0.084𝑉𝑉 (𝑣𝑣𝑣𝑣 𝑆𝑆𝐻𝐻𝑛𝑛) 
 𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 → 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂 + 2𝐻𝐻+ + 2𝐴𝐴− 𝑛𝑛⊝ = −0.02𝑉𝑉 (𝑣𝑣𝑣𝑣 𝑆𝑆𝐻𝐻𝑛𝑛) 
 
Figure 1.5.1. Schematic illustration of DEFC working principle. Reprinted with 
permission from Ref 22. Copyright 2015 Elsevier. 
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 𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 4𝐻𝐻+ + 4𝐴𝐴− 𝑛𝑛⊝ = 0.058𝑉𝑉 (𝑣𝑣𝑣𝑣 𝑆𝑆𝐻𝐻𝑛𝑛) 
One major technical barrier of DEFC is the sluggish kinetic and low complete 
oxidation selectivity of EOR. Although the standard potential of EOR is merely −0.02 ~ 
+0.084V, high overpotential is usually required for observation of significant current. For 
example, with platinum as catalyst, the onset potential of EOR is typically 0.5-0.6 V72-73. 
The CO2 selectivity of EOR has also been problematic. The faradaic efficiency of CO2 
when implementing platinum catalyst has been low (not exceeding 5%72). Therefore 
developing catalysts with high activity and high CO2 selectivity has been an ongoing task 
for researchers. 
There have been many reported studies about the mechanism of EOR on Pt 
surface, both theoretically and experimentally. It is commonly agreed that the first step is 
ethanol molecules adsorb on Pt surface and dehydrogenate to form CH3CO* or CH2CO* 
intermediates74-78. Kavanagh et al. proposed a feasible mechanism (Figure 1.5.2) and 
calculated the energy change and activation energy of various reaction pathways on pure 
platinum surface. Their results showed that the critical step influencing CO2 selectivity 
on platinum surface is the competition between dissociation and hydrolysis of CH3CO*. 
The activation energy for CH3CO* to dissociate into CHx* and CO* is higher for CH3CO* 
to form CH3COOH74. This is the reason for low CO2 selectivity on Pt. Wang et al. 
calculated the activation energy for C-C bond cleavage on various Pt sites and found that 
C-C bond breaking is relatively more favorable on low coordinated Pt sites75, for example, 




Figure 1.5.2. EOR Reaction pathway with calculated activation energy of each critical 
step on Pt surface. Reprinted with permission from reference 7474. Copyright 2012 John 
Wiley & Sons Inc. 
There was also significant amount of experimental work done to detect CO2 
during EOR and reveal its mechanism. Wang et al. reported the investigation of EOR 
product on Pt surface utilizing Differential Electrochemical Mass Spectroscopy (DEMS) 
and they found that the signal of CO2 is two order of magnitude lower than the signal of 
acetaldehyde and acetic acid72. Lai et al. implemented Surface Enhanced Raman 
Spectroscopy (SERS) and reported that CO* and CHx* signal could be observed as low as 
0.1 V, indicating the capability of Pt to cleave C-C bond at low voltage77. Yet CO* and 
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CHx* signal would disappear only at 0.525 V and 0.325 V respectively, indicating their 
poisoning effect on Pt surface. Kowal et al. used in situ Infrared Reflection-Adsorption 
Spectroscopy (IRRAS) to investigate the product adsorbed on catalyst surface. They were 
able to observe CO2 vibration peak on Pt (111) electrode at a quite high potential (>0.78 
V)79. 
 
Figure 1.5.4. in situ IRRAS spectra recorded during EOR on Pt (111). Reprinted with 
permission from Ref 7979. Copyright 2009 Nature Publishing Group. 
To summarize, researchers have found that due to intermediate poisoning and 
obstacle in C-C bond cleavage, Pt exhibit sluggish kinetic and weak selectivity toward 
full oxidation during EOR. There are also significant amount of effort of tuning 
composition and structure of Pt catalyst to enhance EOR activity and selectivity. They 
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will be introduced in the following chapters. In fact, the focus of this work is improving 
EOR activity and selectivity by developing advanced nanomaterial as catalysts. 
1.6 Water electrolysis and Hydrogen Evolution Reaction (HER) 
Water electrolysis is a feasible method of producing hydrogen80. Hydrogen Evolution 
Reaction (HER) is the cathodic reaction during electrolysis. Due to the simplicity of 
hydrogen molecules, the mechanism of HER is relatively simple, especially in acidic 
environment. It is generally agreed that HER in acidic environment could be divided into 
three steps81: 
First its Volmer reaction 𝐻𝐻3𝑂𝑂+ + 𝐴𝐴− → 𝐻𝐻𝑎𝑎𝑟𝑟𝑠𝑠 + 𝐻𝐻2𝑂𝑂  
then it’s either Heyrovsky reaction 𝐻𝐻𝑎𝑎𝑟𝑟𝑠𝑠 + 𝐻𝐻3𝑂𝑂+ → 𝐻𝐻2 + 𝐻𝐻2𝑂𝑂  
or Tafel reaction 𝐻𝐻𝑎𝑎𝑟𝑟𝑠𝑠 + 𝐻𝐻𝑎𝑎𝑟𝑟𝑠𝑠 → 𝐻𝐻2 
Platinum is very active toward HER82 but developing substitute catalyst for Pt that is  
more abundant and inexpensive will provide the potential for industrial scale applications. 
Many materials had been reported to be active for HER and MoS2 is a particularly 
interesting one among them. Bulk MoS2 is inert but nano-scaled MoS2 is highly active. 
Jaramillo et al. reported that the active site of MoS2 is on the edge of sheets (presented in 
Figure 1.6.1)83. In this work, a significant amount of effort was devoted to the rational 




Figure 1.6.1. (a) MoS2 area and (b) MoS2 edge length correlation with HER activity. 
Reprinted with permission from Ref 8383. Copyright 2007 American Association for the 













Chapter 2. Electro-oxidation of Ethanol Using 
Sphere-like Pt3Sn Nanoparticles 
Adapted with permission of from Liu,Y. et al. ACS Catal., 2018, 8, 11, 10931-10937 
2.1 Introduction 
Ethanol is a promising alternative to fossil fuels.3 It has a specific energy of 8.3 kWh/kg 
and an energy density of 6.7 kWh/L, which are comparable to the values of gasoline 
(12.9 kWh/kg and 9.5 kWh/L).84 Compared to combustion, it is potentially more efficient 
to utilize the energy stored in ethanol by feeding it into a fuel cell. In a direct ethanol fuel 
cell (DEFC), the electro-oxidation of ethanol can be coupled to the oxygen reduction 
reaction and deliver 12 electrons per molecule at an equilibrium potential of 0.084 V 
(versus the standard hydrogen electrode, SHE), with the theoretical energy efficiency 
being as high as 96% (at 80 oC).84-85  
 One major challenge for DEFCs is the sluggish kinetics of the ethanol oxidation 
reaction (EOR) toward the complete-oxidation product, CO2. Carbon-supported platinum 
(Pt/C) has been widely used for the EOR, but the partial oxidation toward acetic acid is 
found to be the dominant pathway on Pt surfaces.86-89 Spectroscopic studies show that 
cleavage of the C-C bond in ethanol is feasible on Pt at low electrode potentials (e.g., 
<0.3 V versus the reversible hydrogen electrode (RHE), which is also used in the 
following discussion unless otherwise specified), but it is likely limited to specific 
surface sites (e.g., steps or defects) of low abundance.90-92 The dissociation of ethanol 
generates strongly binding C1 intermediates such as *CHx (x = 1, 2 or 3) and *CO (* 
denotes an adsorption site on catalyst surface), which require higher potentials (e.g., >0.5 
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V) to oxidize. At elevated potentials, however, the partial oxidation pathway becomes 
more favorable, either due to the presence of more surface sites (such as (111) terrace 
sites) that are active for the oxidation of ethanol to acetic acid, or because of the rise of 
energy barrier for C-C bond cleavage when the surface is covered by adsorbed hydroxide 
(*OH).93-95  
To alleviate the poisoning effect of *CO, Pt-bimetallic electrocatalysts such as Pt-
Sn have been intensively studied for the EOR.96-100 It is expected that Sn (or SnO2 on the 
surface) could promote the adsorption of *OH and thus facilitate the oxidative removal of 
*CO from nearby Pt sites. Despite the commonly observed catalytic activity 
enhancements, controversial results are however present about the selectivity toward 
CO2.101-105 Moreover, the electrocatalytic performance of Pt-Sn electrocatalysts is found 
to vary substantially depending on the catalyst structures (particle size, extended surfaces 
vs. nanoparticles, etc.),99, 106 concentration, surface coverage and chemical nature of Sn 
(Pt-Sn alloy vs. Pt-SnO2 interface),99, 102-103 electrolyte,107-110 or experimental methods 
(e.g., in situ Fourier-transform infrared spectroscopy (FTIR)98, 105, 111 vs. differential 
electrochemical mass spectrometry (DEMS)97, 105 vs. (quasi)steady-state electrochemical 
studies96, 109, 111). It remains largely elusive whether the introduction of Sn, or more 
strictly speaking, what kind of tin sites, improves the complete oxidation of ethanol on 
Pt-based electrocatalysts.  
We report on the electrocatalytic study of EOR on monodisperse and homogeneous Pt3Sn 
alloy nanoparticles. These nanoparticles were synthesized by co-reduction of platinum 
and tin chloride in organic solutions (see the Methods in SI). The obtained nanoparticles 
were supported on carbon black, with the organic surfactants removed by applying a mild 
33 
 
thermal treatment in air.112 Electrochemical properties of the derived Pt3Sn/C catalysts 
were examined by combining cyclic voltammetry, CO stripping and chronoamperometry, 
with comparative studies performed on commercial Pt/C. Catalytic selectivity for the 
EOR was evaluated in a H-type cell under potentiostatic conditions, with the generated 
CO2 analyzed by using an gas chromatography-mass spectrometer (GC-MS). In addition, 
the Pt3Sn/C catalyst was treated in an alkaline electrolyte to remove the tin species 
exposed on the surface, which served as control for revealing the role of Sn in the EOR 
electrocatalysis. 
2.2 Experimental method 
Materials. Oleylamine (70%, Sigma), oleic acid (90%, Aldrich), platinum tetrachloride 
(Acros Organic), tin(II) chloride (Strem Chemicals), borane tert-butylamine complex 
(Sigma), trisodium citrate (Alfa Aesar), tin (IV) chloride (Strem), Sn (II) sulfate (Sigma), 
Polyvinylpyrrolidone (MW 8,000, Alfa Aesar), Sodium borohydride (Sigma), 
commercial Pt/C (Tanaka Inc.) and perchloric acid (70%, 99.999% trace metal basis from 
Sigma) were purchased and used as received. 
 
Synthesis of 6 nm Pt3Sn nanoparticles. Sphere-like Pt3Sn nanoparticles were synthesized 
using an organic solution method. 9 ml of oleylamine and 0.4 ml of oleic acid were 
mixed and heated to 140 °C. At this temperature the solution was evacuated for 10 
minutes before purged with Ar for another 10 minutes. The evacuation and Ar flow were 
repeated twice before the solution was cooled down to 50 °C. Then 101 mg PtCl4 and 19 
mg SnCl2 dissolved in 0.5 ml ethanol was injected into solution. After stirring under 
argon flow at 50 °C for 10 minutes, the solution was heated up to 120 °C where 300 mg 
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of borane tert-butylamine complex dissolved in 2 ml of oleylamine was quickly injected.  
The dark brown solution was kept at 120 °C for 20 minutes before cooling down to room 
temperature. The product was precipitated by adding ethanol and centrifuging at 4,000 
rpm for 5 minutes. After washing with toluene and ethanol, the final product was 
dispersed in toluene for storage and further usage. 
 
Synthesis of Sn nanoparticles. Sn nanoparticles were grown by modifying a reported 
protocol.113 Briefly, 171.2 mg of tin (II) sulfate, 100 mg of polyvinylpyrrolidone and 10 
ml of de-ionized water were mixed together. To the above solution, a mixture of 400 mg 
of sodium borohydride and 10 ml of water were added. The mixture was stirred in air for 
2 hours before centrifugation at 10, 000 rpm for 10 minutes. Precipitate was washed with 
water again before further usage. 
 
Synthesis of SnO2 nanoparticles. Briefly, 0.5 mmol of trisodium citrate, 0.5 mmol of 
SnCl4 and 30 ml of water were mixed and put in a 50 ml Teflon liner in an autoclave. The 
autoclave was heated to 160 °C with a ramp rate of 10 °C/min before being held at 
160 °C for 12 hours. After being cooled down to room temperature, the product was 
acquired by centrifugation and washed with water before further usage. 
 
Catalyst Preparation. The as-synthesized Pt3Sn nanoparticles dispersed in toluene were 
mixed with carbon black (KETJENBLAC, >900 m2/g) in a roughly 2:1 mass ratio. After 
ultra-sonication for 30 minutes the suspension was centrifuged at 10,000 rpm for 5 
minutes. The sediment was re-dispersed in hexane by sonication and centrifuged at 6,000 
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rpm for 3 minutes. The collected product was dried at 80 °C and then annealed at 185 °C 
in air for overnight. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was 
conducted to determine the loading of Pt in the catalyst as well as the Pt/Sn ratio. See 
Figure 2.2.1 for ICP calibration curve. 
 
Figure 2.2.1. ICP calibration curve of (a) Pt and (b) Sn. 
 
Characterization. Transmission Electron Microscopy (TEM) images were acquired on an 
FEI Tecnai 12 microscope operated at 100 kV. X-ray diffraction (XRD) patterns were 
collected on a PANalytical X’Pert3 Powder X-Ray Diffractometer equipped with a Cu Kα 
radiation source (λ=0.15406). Scanning transmission electron microscopy (STEM) 
imaging and energy-dispersive X-ray spectroscopy (EDX)-based element maps were 
acquired on a JEOL JSM-6700F Field Emission Scanning Electron Microscope. X-ray 
Photoelectron Spectroscopy (XPS) measurements were done on a PHI 5600 Multi-
technique photoelectron spectrometer using a Mg Kα X-ray source. Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) was collected with a PerkinElmer Elan DRC II 
Quadrupole. Nuclear Magnetic Resonance (NMR) was conducted using a Bruker Fourier 





Electrochemical studies. A Metrohm PGSTAT302N potentiostat was used for the 
electrochemical studies. For the rotating disk electrode (RDE) measurements, a piece of 
glassy carbon (5 mm in diameter) was used as the working electrode, a Ag/AgCl redox 
couple as the reference electrode and a Pt wire as the counter electrode (no Pt 
contamination is noted for the anodic reaction of ethanol). For electrode preparation, the 
nanoparticles/carbon catalysts were dispersed in 10% iso-propanol (with 0.025 % Nafion) 
aqueous solutions at 1 mg/ml. The mixtures were sonicated for about 30 minutes to allow 
formation of uniform ink. Typically, 20 ul of ink was dropped onto the surface of glassy 
carbon and was dried in air. Cyclic voltammogram was recorded at 50 mV/s after ~10 
cycles of scan for surface cleaning. Chronoamperometry was conducted at each potential 
for 30 minutes. The transient signals within the first two seconds were discarded in the 
calculation of average amperometric currents. All specific currents were normalized by 
mass of Pt acquired from ICP.  
 For product analysis, the electrocatalytic studies were conducted in an air-tight 
electrochemical cell previously developed by our group (see Figure 2.2.2 for its photo).114 
A piece of glassy carbon disk (2x2 cm2) was used as the working electrode, on which 1-2 
ml of catalyst ink (1 mg/ml) was deposited on. The electrolyte was 0.1 M of HClO4, to 
which 0.1 M of ethanol was added. Helium was purged into the anodic compartment at a 
rate of 10 sccm and induced into the sampling valve of GC-MS. The gas-phase products 
were analyzed by using a GCMS-QP2010SE (Shimadzu) equipped with a Plot-Q column 
(Restek). Each potential was applied and held for 30 minutes. Liquid products were 




Figure 2.2.2. Photo of (a) electrolysis cell and (b) whole experimental setup. 
 
KOH Treatment. The selection of KOH treatment to remove the surface tin oxide species 
is based on the Pourbaix diagram of tin.115 Tin and tin (hydro)oxides are rather stable 
over the pH range from ~1 to ~10, but become soluble at higher pH (e.g., in 0.1 M KOH 
with pH = 13). The alkaline treatment to remove surface tin oxides was conducted by 
scanning the electrocatalysts in Ar-saturated 0.1 M of KOH between 0.05 and 0.8 V for 5 
cycles. The upper limit of potential was set to 0.8 V to avoid Pt dissolution and leaching 
of subsurface tin. The CV became stable in the alkaline electrolyte after 5 scans, 
indicating the accomplishment of removing surface tin oxides. The catalyst on RDE was 
scanned at 50 mV/s, versus 5 mV/s for the catalyst loaded on graphite plate. Lower scan 
rate was used in the latter case considering the much thinker catalyst layer on the graphite 





Calculation of Faradaic efficiency (FE) toward CO2. Given the concentrations of 
generated CO2 (ppm) measured by the MS detector and the flow rate of Helium, mass 
flow rates of CO2 generated from the EOR can be calculated by using the ideal gas law. 
For each CO2 molecule produced, the electrode delivers 6 electrons. The Faradaic 







106 × 𝑓𝑓𝑅𝑅𝑏𝑏𝑤𝑤 𝑐𝑐𝑎𝑎𝑡𝑡𝐴𝐴 ×
𝑃𝑃
𝑅𝑅 × 𝑅𝑅 × 𝑛𝑛 × 6
𝑎𝑎𝑣𝑣𝐴𝐴𝑐𝑐𝑎𝑎𝑏𝑏𝐴𝐴 𝑡𝑡𝑏𝑏𝑡𝑡𝑎𝑎𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑛𝑛𝑡𝑡
× 100% 
where P is the atmospheric pressure, R is the ideal gas constant, T is the room 
temperature and F is the Faraday constant. 
 
2.3 Results and Discussion 
Figure 2.3.1a shows a TEM image of the as-synthesized Pt3Sn nanoparticles. 
They possess a sphere-like shape with the average particle size determined to be 6.3 (±0.4) 
nm. Scanning transmission electron microscopy (STEM) images show (111) lattice 
fringes (with a spacing of 0.23 nm) of face-centered cubic (fcc) crystals throughout the 
nanoparticles, indicating a single-crystal nature of the material (Figures 1b and c). The 
crystal structure was confirmed by X-ray diffraction (XRD) analysis (Figure 2.3.2). 
Element distribution in the Pt3Sn nanoparticles was mapped by using STEM-based 
energy-dispersive X-ray spectroscopy (EDX) (Figures 2.3.1d-f). Both Pt and Sn were 
found to be homogeneously distributed across the nanoparticles. The elemental ratio 
between Pt and Sn was determined by inductively coupled plasma mass spectrometry 
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(ICP-MS) to be 3.04, close to the targeted composition of Pt3Sn. It should be pointed out 
that our synthesis of the Pt3Sn nanospheres is distinct from the previously reported 
methods using formic acid,116 potassium bromide,117 citric acid118 or ethylene glycol96 as 
reducing agents. The use of borane tert-butylamine as reducing agent is believed to be 
more advantageous for simultaneous reduction of the Pt and Sn salts to obtain 
monodisperse and homogeneous nanoparticles in organic solution synthesis, as also seen 
in the previous reports.119-121 
 
Figure 2.3.1. (a) TEM, (b) Bright-field and (c) dark-field STEM images of the as-
synthesized Pt3Sn nanoparticles. (d-f) Element maps showing the distribution of Pt (red) 









Figure 2.3.2. XRD patterns of the Pt3Sn nanoparticles in comparison to Pt. 
The acquired Pt3Sn nanoparticles were loaded on carbon black 
(KETJENBLAC, >900 m2/g) and, after the removal of surfactants, evaluated as 
electrocatalysts for the EOR. Figure 2.3.3a presents the cyclic voltammogram (CV) 
recorded in 0.1 M HClO4 for the Pt3Sn/C catalyst, in comparison to the commercial Pt/C 
(~6 nm, obtained from Tanaka Inc.; see Figure 2.3.4 for the TEM image). Pt/C exhibits 
the Hupd peak from ~0.05 V to ~0.4 V and OH adsorption peak onset at ~0.7 V in the 
voltammogram. Pt3Sn/C possesses substantially suppressed Hupd features as compared to 
Pt/C, with the associated charges calculated to be only ~6.46 C/gPt (versus 91.8 C/gPt for 
Pt/C). The suppressed Hupd features for Pt3Sn can be attributed to the coverage of surface 
sites by tin species (likely present as tin oxides on the nanoparticle surface, see Figure 
2.3.5 for the X-ray photoemission spectroscopy (XPS) spectra) and/or the weakening of 
Pt-H binding on the alloy catalyst.17 Pt3Sn/C also exhibits downshift in the onset potential 



















for hydroxide adsorption (OHad), namely from ~0.7 V for Pt/C to ~0.5 V. Noticeably the 
CVs recorded on Sn or SnO2 do not exhibit any significant features in the potential region 
of 0.05 – 1.05 V (Figures 2.3.6 and 2.3.7). It has been suggested that water dissociation 
can be facilitated at the Pt-SnO2 interface.98 While this effect could explain the lower 
onset potential for OHad in the anodic scan, it would not give rise to the negative shift of 
the hydroxide desorption peak exhibited in the cathodic scan (from ~0.8 V for Pt/C to 0.5 
– 0.6 V for Pt3Sn, Figure 2.3.3). We thus attribute the downshift of OHad peaks observed 
on Pt3Sn/C to the enhanced adsorption of hydroxide on the platinum-tin oxide 
interface.122  
 
Figure 2.3.3. (a) CV and (b) CO stripping patterns recorded on Pt3Sn/C and Pt/C in 0.1 
M of HClO4. (c) Polarization curves and (d) amperometric currents measured in 0.1 M of 
HClO4 + 0.1 M of ethanol. Scan rate was 50 mV/s in (a-c). 
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Figure 2.3.4. Representative TEM image of the commercial Pt/C catalyst employed in 
this study. 
 
Figure 2.3.5. (a) Pt 4f- and (b) Sn 3d-edge spectra of the pristine Pt3Sn/C, Pt3Sn/C after 
2.5 h of electrochemical reactions for product analysis and KOH-treated Pt3Sn/C. All 
Pt3Sn/C samples show Pt 4f7/2 peak at 71.6 – 71.7 eV (vs 71.2 eV for Pt pellet), indicating 
Pt on the catalyst surface was partially oxidized. The pristine Pt3Sn/C and the Pt3Sn/C 
after reaction possess Sn 3d5/2 peak at 486.7 – 486.8 eV (vs 485.0 eV for the metallic Sn 
pellet), indicating the surface Sn species was also oxidized.123 KOH-treated Pt3Sn/C has 
50 nm












































nearly invisible Sn signal, confirming the successful removal of most tin oxides from the 
surface. The atomic ratio of Pt/Sn estimated from the XPS is 4.2 for the pristine Pt3Sn/C. 
 
Figure 2.3.6. (a) TEM image of Sn/C used for the control experiments. (b) CV and CO 
stripping profile recorded on Sn/C. CV of Pt/C was put in (b) for comparison. 
 
Figure 2.3.7. (a) TEM image of SnO2/C prepared as a control for the electrochemical 
studies. (b) CV and CO stripping profile recorded on SnO2/C. CV of Pt/C was put in (b) 
for comparison. 
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The surface properties of Pt3Sn nanoparticles were further probed by oxidative 
stripping of pre-adsorbed CO monolayers (Figure 2.3.3b). The CO stripping pattern 
recorded on Pt3Sn/C is featured with two broad peaks at ca. 0.45 and 0.71 V, whereas the 
pattern for Pt/C only exhibits one strong peak around 0.85 V. The peak at 0.71 V for 
Pt3Sn overlaps with the OHad peak as shown in Figure 2.3.3a, but still discernible after 
subtracting the blank CVs from the CO stripping patterns (Figure 2.3.8). Since neither Sn 
nor SnO2 nanoparticles adsorb CO (Figures 2.3.6 and 2.3.7), we assign the two CO 
stripping peaks on Pt3Sn/C to be associated with the Pt sites on surface, of which the 
adsorption properties are modified by surface tin oxide or subsurface metallic tin. We 
notice the discussions of CO oxidation at low potentials (<0.7 V) associated with low-
coordinated Pt sites such as steps124 and adislands125. In our study, the Pt/C control has 
similar particle size to the Pt3Sn nanoparticles, but do not exhibit any low-potential 
features in CO stripping. We are thus inclined to the interpretation through modified 
surface properties for the alloy nanoparticles, as previously reported on Pt-bimetallic 
electrocatalysts.17, 126 The much lower potentials of the CO stripping peaks for Pt3Sn 
indicate the facilitated oxidative removal of *CO on the alloy catalyst as compared to 
Pt/C. The presence of two peaks could be ascribed to two types of Pt sites on the surface, 
e.g., (111) vs. (100), or being nearby vs. being away from the tin oxide species. Despite 
the quite dissimilar shapes of the CO stripping pattern, the integrated charges associated 
with CO stripping are actually in the same magnitude, i.e., 128 and 202 C/gPt for Pt3Sn/C 
and Pt/C, respectively, with the difference much smaller than in the situation of Hupd. 
Considering that *CO typically can access more surface sites than *H on alloy catalysts,17, 
127, our finding suggests that, other than the coverage of surface sites by tin species, the 
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weakened hydrogen binding is probably the main cause for the suppressed Hupd features 
for Pt3Sn/C as observed in Figure 2.3.3a.  
 
Figure 2.3.8. CO stripping patterns with the corresponding blank CVs subtracted. 
Examination of the EOR electrocatalysis was first performed in a rotating disk 
electrode (RDE) apparatus by loading the carbon supported nanoparticles on glassy 
carbon. Figure 2.3.3c shows the polarization curves recorded in 0.1 M of HClO4 with 0.1 
M of ethanol added. Pt3Sn/C exhibits much lower onset potential for the EOR, at ca. 0.3 
V in comparison to ~0.5 V for Pt/C. Pt3Sn/C reaches the peak current of ~90 A/gPt at 0.83 
V, while Pt/C has a slightly higher peak current of ~110 A/gPt at 0.88 V. The polarization 
curve of Pt3Sn/C is particularly featured with a shoulder peak around 0.5 – 0.6 V at a 
specific current of 40 – 50 A/gPt, which is absent in the case of Pt/C. This low-potential 
feature seems to correlate to the onset of OHad observed in the blank CV (Figure 2.3.3a) 
and the first peak exhibited in the CO stripping pattern (Figure 2.3.3b). We consider it as 
the sign of high EOR activity on the alloy catalyst.  
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Besides voltammetric polarization, we also performed chronoamperometry 
measurements on the RDEs, which allows for us to evaluate the electrocatalytic activity 
under potentiostatic conditions and without being subjected to the transient capacitance 
effects. Figure 2.3.3d summarizes the measured specific currents in the potential region 
of 0.45 – 0.85 V, with the amperometry curves presented in Figure 2.3.9. Consistent with 
the finding from the linear polarization curves (Figure 2.3.3c), Pt3Sn/C is much more 
active than Pt/C in the low-potential region (<0.7 V). At 0.55 V, the measured specific 
currents are 5.0 and 1.4 A/gPt for Pt3Sn/C and Pt/C, respectively. Pt/C outperforms 
Pt3Sn/C at potentials more positive than 0.7 V, but as we will reveal below, it can be 
attributed to its high activity for the partial oxidation of ethanol. We also normalized the 
amperometric currents by the electrochemically active surface areas (ECSAs) estimated 
from the CO stripping charges (Figure 2.3.10). Pt3Sn/C exhibits much higher specific 
activities as evaluated in this way than Pt/ C for potentials up to 0.75 V, confirming the 
intrinsically enhanced catalytic activity of the surface of the bimetallic electrocatalyst. 
 
Figure 2.3.9. I-t curves recorded in the chronoamperometry studies for (a) Pt3Sn/C and (b) 
Pt/C. 






















































Figure 2.3.10. Amperometric current densities normalized against ECSA calculated from 
CO stripping charge measured in 0.1 M of HClO4 + 0.1 M of ethanol. 
To analyze the products for the EOR, we conducted additional electrocatalytic 
studies under potentiostatic conditions in an H-type electrochemical cell, in which a He 
flow is introduced to the anode compartment and carries out the generated CO2 for 
quantitative analysis (Figures 2.3.11a and b).95 Pt3Sn/C is found to be much more 
selective than Pt/C for the oxidation of ethanol to CO2, with the Faradaic efficiency 
(FECO2) achieving 12% at 0.55 V (Figure 2.3.11c). Pt/C has no more than 3% of FECO2 
throughout the investigated potential region, with no CO2 signal detected at 0.45 V. For 
both catalysts, FECO2 drops as the potential increases above 0.6 V. The superior catalytic 
selectivity of Pt3Sn/C is better visualized by comparing the partial currents for CO2 
production (JCO2) (Figure 2.3.11d). The value of JCO2 achieves 0.16 A/gPt at 0.55 V for 
Pt3Sn/C, which represents ~5 times of improvement versus Pt/C at this potential. Similar 
to the trend for FECO2, JCO2 of Pt3Sn/C drops as the potential becomes more positive, but 























it is not the case for Pt/C, which reaches the highest JCO2 of 0.07A/gPt at 0.75 V. The C2 
products detected in the electrolyte (by using a nuclear magnetic resonance (NMR) 
spectrometer) after the EOR are mainly acetic acid and acetaldehyde (Figure 2.3.11).  
 
Figure 2.3.11. (a) Scheme and (b) photo of the electrochemical cell used for product-
resolved electrocatalytic studies of the EOR under potentiostatic conditions. Note that the 
reaction (now shown in a) at the counter electrode is hydrogen evolution in the present 
three-electrode configuration, where the reference electrode (RE labeled in b) is placed in 
the anode compartment. (c, d) Comparison of Faradaic efficiency (FECO2) and partial 




Figure 2.3.12. NMR spectra containing signals of (a) acetic acid and (b) acetaldehyde. (c) 
GC-MS signal of gaseous acetaldehyde. 
Our results point to the Pt3Sn alloy nanoparticles as a superior electrocatalyst for 
the EOR. Both the surface tin oxide and subsurface metallic tin species could modify the 
adsorption and catalytic properties of Pt sites on the alloy catalyst, contributing to the 
catalytic activity and selectivity enhancements. To discern the exact role of tin, we have 
treated Pt3Sn/C in alkaline to remove the surface tin oxides and also investigated the EOR 
electrocatalysis on the treated catalyst. The removal of tin species from the alloy catalyst 













(XPS) (Figure 2.3.5) and supported by the control experiment on SnO2 nanoparticles 
(Figure 2.3.13). EDX analysis shows that the content of tin in the Pt3Sn/C catalyst is 
reduced by ~25%, with the resulted Pt/Sn ratio being ~4.3 (Figure 2.3.14). The size and 
morphology of Pt3Sn/C remained nearly unchanged after the KOH treatment (Figure 
2.3.15). Figure 2.3.16a compares the CVs recorded (in 0.1 M HClO4) before and after the 
KOH treatment. The KOH-treated Pt3Sn/C catalyst exhibits much more pronounced Hupd 
peaks and positive potential shift for the OHad adsorption peaks. While the CV becomes 
more like Pt/C, CO stripping pattern of the treated catalyst largely preserves the features 
of the pristine Pt3Sn/C, albeit that the two peaks at 0.45 and 0.71 V become a little 
sharper and slightly lower in intensities (Figure 2.3.16b). These observations indicate that 
the oxidative removal of *CO is still feasible at relatively low potentials (<0.5 V) on the 
KOH-treated Pt3Sn/C catalyst, on which most of the surface tin oxides have been 
removed and the behavior of OHad is more like Pt/C. The decoupling of low-potential 
oxidation of *CO from the enhanced adsorption of *OH has previously been seen on Pt-
Ni alloy nanoparticles with a Pt-skin surface, and can be attributed to the weakening of 
CO binding on Pt by the non-noble metal (metallic Sn in the case of Pt3Sn alloy) present 




Figure 2.3.13. (a) TEM image of SnO2/C after 20 scans in 0.1 M KOH, which shows no 
visible SnO2 nanoparticles left. (b) CVs of pristine and KOH-treated SnO2/C in 0.1 M 
HClO4, both show no significant Faradaic features. 
 
Figure 2.3.14. EDX spectrum recorded on the KOH-treated Pt3Sn/C catalyst. 
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Figure 2.3.16. (a) CV and (b) CO stripping pattern of Pt3Sn/C in 0.1 M HClO4 after 
scans in 0.1 M KOH. (c) Amperometric specific currents and (d) CO2 faradaic efficiency 
of pristine and KOH-treated Pt3Sn/C. 
The KOH-treated Pt3Sn/C catalyst exhibits similar catalytic activity and 
selectivity to Pt/C. They give higher amperometric currents than the untreated Pt3Sn/C at 
potentials above 0.5 V (Figure 2.3.16c). Similar to the discussion above for the 
comparison between untreated Pt3Sn/C and Pt/C, it may not only be due to the exposure 
of more Pt sites on the surface of KOH-treated catalyst, but also caused by the higher 
activity for partial oxidation. The latter postulation is corroborated by the low FECO2 
measured on the KOH-treated Pt3Sn/C, which is merely <3% throughout the investigated 
potential region and resembles the performance of Pt/C (Figure 2.3.16d). The 
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comparative studies of pristine and KOH-treated Pt3Sn/C catalysts thus reveal that the 
surface tin oxide species plays a crucial and indispensable role in the complete oxidation 
of ethanol, whereas subsurface metallic tin, albeit facilitating the oxidative removal of 
*CO, does not improve the EOR selectivity toward CO2 by itself.  
Our findings suggest that the complete oxidation of ethanol is not limited by the 
oxidative removal of *CO on Pt3Sn/C. The consistent observation of CO2 throughout the 
electrocatalytic studies, albeit with the selectivity being dependent on the potential and 
whether tin oxide species is present on the surface, signifies the presence of surface sites 
cleaving the C-C bond in ethanol. After excluding these two possibilities, it becomes 
compelling to consider the oxidation of *CHx to *CO as the rate-limiting factors for the 
complete oxidation of ethanol. The α and β carbon in ethanol generate *CO and *CHx, 
respectively, from the C-C bond cleavage. The sluggish kinetics of oxidative conversion 
of *CHx to *CO on Pt was initially proposed by Lai et al.90 based on a surface-enhanced 
Raman spectroscopy (SERS) study, and later confirmed by Kutz et al.128 in their 
investigation of isotopically labelled ethanol using SFG spectroscopy. More recently, our 
group has combined spectroelectrochemical studies using the sum frequency generation 
(SFG) technique and product-resolved electrocatalytic measurements to compare the 
electro-oxidation of ethanol and ethylene glycol on Pt, and identified the role of β carbon 
in hindering the complete oxidation of ethanol toward CO2.95 In the present work, both 
the pristine and the KOH-treated Pt3Sn/C catalysts are capable of oxidizing *CO at 
relatively low potentials, but only the catalyst with tin oxide species present on the 
surface possesses enhanced the selectivity toward CO2. The more favorable kinetics of 
complete ethanol oxidation on the pristine Pt3Sn/C catalyst is further supported by the 
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detection of less methane (a minor product generated from the cathodic reduction of 
*CH3)86, 95 in the mass spectrometer than on the KOH-treated Pt3Sn/C (Figure 2.3.17). 
We thus conclude with the role of tin oxides on the surface of Pt3Sn nanoparticles to be 
enhancing the oxidation of *CHx to *CO in the EOR electrocatalysis, whereas subsurface 
metallic Sn facilitates the oxidative removal of *CO. Considering that no improvement in 
CO2 selectivity was found in the previous studies of Pt-SnO2 (without subsurface metallic 
Sn in the Pt nanoparticles) electrocatalysts,129-130 we believe it is the synergy of these two 
effects in the Pt3Sn alloy nanoparticles for improving the electrooxidation of ethanol 
toward CO2. 
 
Figure 2.3.17. Detected MS signal for methane (m/z = 15; with elution time <2.5 min, 
versus >3.5 min for acetaldehyde), expressed as the integrated peak areas normalized by 
the corresponding electrode currents. 
2.4 Conclusion 
Here we report the investigation of ethanol electro-oxidation on monodisperse and 
homogeneous Pt3Sn alloy nanoparticles. Electrochemical studies were conducted 
comparatively on the Pt3Sn nanoparticles supported on carbon (Pt3Sn/C), a commercial 
Pt/C catalyst, as well as KOH-treated Pt3Sn/C with the surface tin species removed. Our 































studies reveal the dual role of Sn in the EOR electrocatalysis on Pt3Sn/C: the surface Sn, 
likely in the form of tin oxides, enhances the oxidation of *CHx intermediate to *CO; the 
subsurface metallic Sn weakens the binding of *CO and facilitates its oxidative removal. 
A synergy of these two roles, plus the presence of Pt surface sites capable of cleaving the 




Chapter 3. Electrocatalytic Study of Ethylene 
Glycol Oxidation on Pt3Sn Alloy Nanoparticles 
Adapted with permission of Liu, Y. et al. Chemelectrochem, 2019, 6, 1004-1008 
3.1 Introduction 
Ethylene glycol possesses an energy density of 5.9 kWh/L (5.0 kWh/kg),131-132 making it 
a promising fuel for direct alcohol fuel cells (DAFCs).133 It can be chemically produced 
from ethylene or carbon monoxide,134-136 or biologically via degradation of 
polyethylene.137-138 Upon complete oxidation to CO2, each ethylene glycol molecule can 
deliver 10 electrons at an equilibrium potential of ~+0.01 V, giving rise to a theoretical 
cell voltage of 1.22 V and an energy efficiency as high as 94 % for DAFCs.84, 139 
Motivated by its great potential as a liquid fuel, the electrocatalysis for ethylene glycol 
oxidation (EGO) has been studied intensively.140-144 Similar to ethanol, the EGO can 
undergo parallel pathways toward partially oxidized C2 species (glycolaldehyde, glyoxal, 
glycolic acid, glyoxylic acid, oxalic acid etc.145) or CO2.146 However, the absence of -CH3 
group in ethylene glycol makes its complete oxidation more feasible than for ethanol. 
Both spectroscopic and electrocatalytic studies have shown that the oxidative removal of 
*CHx (* denotes an adsorption site on catalyst surfaces) intermediates generated from the 
C-C bond cleavage in ethanol oxidation requires higher potentials than for *CO, which is 
the C1 intermediate derived from α carbon in both ethylene glycol and ethanol 
oxidation.95, 147 Also, density functional theory (DFT) calculations suggest that it only 
needs single binding sites for C-C bond cleavage in the EGO,145, 148 as compared to the 
bidentate adsorption configuration of C2 intermediates involved in ethanol oxidation.74, 76 
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Nonetheless, partial oxidation pathways are still dominant in the EGO and the Faradaic 
efficiency toward CO2 (FECO2) is commonly found to be lower than 10% on platinum (Pt) 
based electrocatalysts.145 For its implementation in DAFCs, it is important to develop 
selective electrocatalysts for complete oxidation of ethylene glycol. 
It has been reported that *CO was observed during the spectro-electrochemical 
studies of EGO on Pt at potentials as low as 0.1 V, indicating the presence of active sites 
on Pt for cleaving the C-C bond in ethylene glycol.95, 145 In their studies of EGO 
electrocatalysis by combining in situ infrared spectroscopy and online mass spectrometry, 
Schnaidt et al. suggest 2-hydroxyacetyl (*COCH2OH) as the intermediate to form *CO at 
relatively low potentials, which is then oxidized to CO2 at more elevated potentials 
(e.g., >0.5 V).145, 149-150 In addition, they found that C-C bond cleavage is not the rate 
limiting step in the electro-oxidation of ethylene glycol.149 Thereby, the low selectivity of 
EGO toward CO2 is likely due to the poisoning of surface active sites by *CO at low 
potentials and the favorable kinetics of partial oxidation pathway at high potentials.74, 94 
Bimetallic catalysts such as Pt-Ru, Pt-Cu, Pt-Co, Pt-Pd and Pt-Sn have thus been 
investigated for the EGO.142, 151-154 In particular, Sn has attracted intensive attention for 
the sake of enhancing the adsorption of *OH and thereby the oxidative removal of *CO.79, 
96 It has been reported that Pt-Sn bimetallic electrocatalysts could moderately enhance the 
selectivity of EGO toward CO2,155 but contrary results are also present in the literature142. 
The exact role of tin in the bimetallic Pt-Sn electrocatalysts remains largely elusive for 
the EGO. 
Here we report a comprehensive electrocatalytic study of EGO on Pt3Sn alloy 
nanoparticles. We have recently developed an organic solution method to synthesize 
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monodisperse and homogeneous Pt3Sn alloy nanoparticles.156 We examined the 
electrochemical properties of the derived Pt3Sn/C catalysts and compared their 
electrocatalytic performance for the EGO with Pt/C. In particular, catalytic selectivity 
toward CO2 was evaluated under potentiostatic conditions in a H-type cell equipped with 
a gas chromatography-mass spectrometer (GC-MS). Alkaline treatment was also applied 
to the alloy catalyst to remove surface tin (oxide) species, and comparative study of the 
pristine and treated catalysts has allowed us to reveal the role of tin in the EGO 
electrocatalysis. 
3.2 Experimental Methods 
Materials. perchloric acid (70%, 99.999% trace metal basis from Sigma), oleylamine 
(70%, Sigma), oleic acid (90%, Aldrich), platinum tetrachloride (Acros Organic), tin(II) 
chloride (Strem Chemicals), borane tert-butylamine complex (Sigma), Pt/C (Tanaka Inc.) 
were purchased and used as received. 
Synthesis. Sphere-like Pt3Sn nanoparticles were synthesized in organic solvent. 
Briefly, 9 ml of oleylamine and 0.4 ml of oleic acid were mixed in a round bottom flask 
and heated to 140 °C. The solution was then evacuated for 10 minutes before purged with 
Ar for another 10 minutes. The evacuation and Ar flow were repeated twice before 
cooling down to 50 °C. Then a mixture of 0.3 mmol PtCl4, 0.1 mmol SnCl2 and 0.5 ml 
ethanol was injected. After stirring at 50 °C for 10 minutes, the solution was heated to 
120 °C at which temperature 300 mg borane tert-butylamine complex dissolved in 2 ml 
oleylamine was quickly injected. The dark brown solution was kept at 120 °C for 20 
minutes and cooled down to room temperature. The product was acquired by adding 
ethanol and centrifuging at 4,000 rpm for 5 minutes. The sediment was dispersed in 
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toluene again and added ethanol for centrifugation one more time. The final product was 
dispersed in toluene. 
The synthesized Pt3Sn nanoparticles were mixed with carbon black 
(KETJENBLAC, >900 m2/g) in a roughly 2:1 mass ratio and dispersed in toluene. The 
suspension was ultrasonicated for 30 minutes and centrifuged at 10,000 rpm for 5 
minutes. Sediment were dispersed in hexane again by sonication and precipitated again 
by centrifugation at 6,000 rpm for 3 minutes. The collected black solid was then annealed 
at 185 °C in air for overnight. Pt loading in catalyst was determined via Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). 
Characterization. FEI Tecnai 12 microscope operated at 100 kV was used to acquire 
Transmission Electron Microscopy (TEM) images. X-ray diffraction (XRD) were 
conducted with a PANalytical X’Pert3 Powder X-Ray Diffractometer equipped with a Cu 
Kα radiation source (λ=0.15406). X-ray Photoelectron Spectroscopy (XPS) 
measurements were conducted on a PHI 5600 Multi-technique photoelectron 
spectrometer using a Mg Kα X-ray source. Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) was measured with a PerkinElmer Elan DRC II Quadrupole.  
Electrochemical studies. Electrochemical studies were conducted with a Metrohm 
PGSTAT302N potentiostat. A 5 mm diameter glassy carbon rotating disk electrode was 
used as the working electrode, Ag/AgCl and Pt was implemented as reference and 
counter electrode. Both Pt3Sn/C and Pt/C catalysts were dispersed in aqueous solution 
contain 10% iso-propanol and 0.025 % Nafion with concentration of 1 mg/ml. The 
mixtures were ultrasonicated for about 30 minutes to form uniform ink. Typically, 20 ul 
of the above ink was dropped onto the glassy carbon surface and was dried in air. Cyclic 
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voltammograms (CVs) and EGO polarization curves were conducted at a scanning rate of 
50 mV/s. Chronoamperometry was held at each potential for 30 minutes. The transient 
signals during the first two seconds were discarded in average amperometric currents 
calculations. All specific currents were normalized by mass of Pt determined by ICP. 
Product-resolved electrochemical studies were conducted in an air-tight cell reported 
by our group.114 1-2 ml of catalyst ink mentioned in previous section was deposited onto 
a 2x2 cm2 glassy carbon disk to be used as the working electrode. Helium was purged 
into the anodic compartment at a rate of 10 sccm in order to induce produced gas phase 
products into the sampling valve of GC-MS, which is a GCMS-QP2010SE (Shimadzu) 
equipped with a Plot-Q column (Restek). Each potential was held for 30 minutes. 
3.3 Results and Discussion 
Figure 3.3.1a shows a representative TEM image of the Pt3Sn nanoparticles (also see 
Figure 3.3.2 for high-resolution TEM images). They have a sphere-like shape and an 
average diameter of ~6 nm. After supporting on carbon black, the organic surfactants 
were removed by annealing in air at 185 oC.112 The derived Pt3Sn/C catalyst possess 
uniform distribution of nanoparticles on the carbon support (Figure 3.3.1b). X-ray 
diffraction (XRD) analysis show that the derived Pt3Sn/C catalyst possesses a face-
centered cubic (fcc) crystal structure, which is consistent with the commercial Pt/C used 
in this study (Figures 3.3.1c and d). Figures 3.3.1e and f show the XPS spectra recorded 
at the Sn 3d and Pt 4f edges, respectively, for the Pt3Sn/C catalyst. Pt3Sn/C exhibits Sn 
3d3/2 and 3d5/2 peaks at 495.1 eV and 486.7 eV, respectively, as compared to 493.4 eV 
and 484.9 eV for Sn metal, indicating the oxidation of surface tin species during the 
catalyst preparation. The peak positions for Pt 4f5/2 and 4f7/2 are more consistent between 
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Pt3Sn/C and metallic Pt, and the lower extent of surface oxidation is expected for Pt as a 
noble metal. The surface composition estimated from the XPS spectra gives an atomic 
ratio of Pt/Sn ~ 4.2, which is close to the overall composition (3.04) measured from ICP. 
 
Figure 3.3.1. TEM images of (a) Pt3Sn nanoparticles, (b) Pt3Sn/C catalyst and (c) 
commercial Pt/C catalyst. (d) XRD pattern. (e) Sn 3d edge and (f) Pt 4f edge XPS spectra 
of Pt3Sn/C catalyst. 































































Figure 3.3.2. HRTEM images of Pt3Sn. 
Cyclic voltammograms (CVs) and CO stripping patterns were recorded on the 
Pt3Sn/C catalyst in 0.1 M of HClO4 (Figure 3.3.3a). Compared to Pt/C, Pt3Sn/C exhibits 
significantly suppressed Hupd peaks at E < 0.4 V. The hydroxide adsorption peak of 
Pt3Sn/C has a much lower onset potential than Pt/C, namely downshift from ~0.7 V to 
~0.5 V. These features can be attributed to the weakened binding of hydrogen and 
enhanced adsorption of *OH on Pt due to the modification of surface property by tin. The 
CO stripping pattern recorded for Pt3Sn/C exhibits two peaks at 0.45 V and 0.71 V, 
whereas Pt/C only shows one primary peak at 0.85 V. The lower peak potentials indicates 
that the oxidative removal of *CO is more facile on the bimetallic catalyst as compared to 
monometallic Pt, and the presence of two peaks could be attributed to two types of Pt 
sites, e.g. close to and far away from tin, or simply different crystal facets of the alloy 
nanoparticles. Noticeably, the calculated CO stripping charge for Pt3Sn/C is about 63% of 
that for Pt/C (128 C/gPt vs 202 C/gPt), albeit that the Hupd charge of Pt3Sn/C is 14 times 
smaller (6.5 C/gPt vs 91.8 C/gPt) (see Figure 3.3.4). While it is known that CO stripping 
can access more Pt sites then Hupd on Pt-bimetallic electrocatalysts,17, 157 the results here 




do indicate that the surface coverage of tin oxide is not significant on the Pt3Sn/C catalyst, 
distinguishing it from the previously reported Pt-tin oxide core-shell nanostructures.96    
According to the charges associated with CO stripping, the electrochemically 
active surface areas (ECSAs) of Pt3Sn/C and Pt/C were estimated to be 30.4 and 48.2 
m2/gPt, respectively, by assuming an area-specific charge density of 420 μC/cm2. It 
should be pointed out that debates are still present in the literature about this conversion 
factor, and accurate measurement of the ECSAs could be even more challenging for the 
Pt-Sn bimetallic electrocatalysts owing to the presence of both tin oxide on the surface 
and metallic tin in the subsurface.17, 157-161 For simplicity, we will focus on mass-specific 
activities in the following discussion, while present the ECSA-specific results in the 
Supporting Information.   
 
Figure 3.3.3. (a) CV and CO stripping pattern of Pt3Sn/C and Pt/C in 0.1 M HClO4. (b) 
polarization curve of Pt3Sn/C and Pt/C in 0.1 M HClO4 + 0.1 M ethylene glycol. 
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Figure 3.3.4. Comparison of Hupd charge and CO stripping charge of Pt3Sn/C and Pt/C. 
The polarization curves for EGO were recorded in the same electrolyte (0.1 M of 
HClO4) by adding 0.1 M of ethylene glycol (Figure 3.3.3b). Pt3Sn/C exhibits onset 
potential at ca. 0.33 V, slightly lower than Pt/C (~0.38 V). Both Pt3Sn/C and Pt/C possess 
a shoulder peak at 0.5 – 0.7 V, with similar specific currents of ~40 A/gPt at 0.6 V. Both 
catalysts give a major peak at 0.8 – 0.85 V, with the peak currents read to be 83 and 107 
A/gPt for Pt3Sn/C and Pt/C, respectively. The rather similar catalytic activities of Pt3Sn/C 
and Pt/C for the EGO is in contrary to the quite dissimilar behaviors shown in the blank 
CVs and CO stripping (Figure 3.3.3a), which is also distinct from the electro-oxidation of 
ethanol.96, 116, 129, 162 While such divergences can be attributed to the different reaction 
mechanisms, they also suggest that the role of tin species in the Pt3Sn electrocatalyst may 
vary in the electro-oxidation of *CO, ethanol and ethylene glycol.95, 163-165 
Despite having similar catalytic activities to Pt/C, Pt3Sn/C is much more selective 





















as low as 0.45 V for Pt3Sn/C, with the maximal FECO2 of 28% reached at 0.55 V (Figure 
3.3.5a). In comparison, no CO2 was detected at 0.45 V for Pt/C and the value of FECO2 is 
merely <1% at 0.55 V. At more positive potentials, the FECO2 of Pt3Sn/C drops, but yet 
comparable to that for Pt/C, e.g., both at about 10 – 11% toward CO2 at 0.75 V. Figure 
3.3.5b shows the comparison of partial current for CO2 production (JCO2). Pt3Sn/C 
delivers 0.18 A/gPt for CO2 production at 0.45 V, versus zero by Pt/C at this potential. At 
0.55 V, JCO2 of Pt3Sn/C reaches 0.24 A/gPt, which is about 20 times of that measured for 
Pt/C. JCO2 of Pt3Sn/C does not increase substantially until 0.75 V, where it reaches 0.71 
A/gPt. Noticeably, Pt/C has higher values of JCO2 at 0.65 V and more positive potentials, 
reaching the maximum of 1.1 A/gPt at 0.75 V. 
 
 
Figure 3.3.5. (a) CO2 faradaic efficiency and (b) CO2 partial current during product 
analysis in H-cell. 
To examine the role of tin in the bimetallic electrocatalyst for the EGO, we have 
further performed control experiments to treat the Pt3Sn/C catalyst in alkaline (0.1 M 
KOH). The alkaline treatment removed tin oxide (SnOx) from the catalyst surface, as 
revealed by comparing the XPS spectra recorded before and after the treatment (Figures 
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3.3.6a and b). The Pt/Sn ratio estimated from XPS rise to 23.8, which is much higher than 
the overall composition (Pt/Sn ~ 4.3) measured by EDX, indicating the preservation of 
metallic Sn in the subsurface or bulk of the alloy nanoparticles. CVs recorded on the 
KOH-treated Pt3Sn/C catalyst show expansion of the Hupd region and positive shift of the 
*OH onset potential, suggesting that the enhanced adsorption of *OH on the pristine 
Pt3Sn/C is due to the SnOx species present on the catalyst surface (Figure 3.3.6c). The 
features of CO stripping were however largely preserved on the KOH-treated catalyst, 
indicating that the facilitated oxidative removal of *CO on the pristine Pt3Sn/C is due to 
subsurface metallic Sn (Figure 3.3.6d). In contrary to the behaviors in CO stripping, the 
KOH-treated catalyst has much lower selectivity toward CO2 than the pristine one, with 
FECO2 being no more than 3% (Figure 3.3.6e). It is noticed that the KOH-treated Pt3Sn/C 
catalyst is even less selective for the complete oxidation of ethylene glycol than Pt/C 
(Figure 3.3.5a). The partial current for CO2 production also dropped significantly after 




Figure 3.3.6. (a) Sn 3d edge and (b) Pt 4f edge XPS spectra of KOH-treated Pt3Sn/C. (c) 
CV and (d) CO stripping (with CV signal subtracted) of Pt3Sn/C before and after KOH-
treatment. (e) CO2 faradaic efficiency and (f) CO2 partial current of KOH-treated Pt3Sn/C 
during product analysis. 
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In a first glance, the enhanced CO2 selectivity of the pristine Pt3Sn/C in the low-potential 
region (0.45 – 0.65 V) is in line with the enhanced adsorption of *OH and facilitated 
oxidative removal of *CO (Figures 3.3.3a and 3.3.5a). One might thus assign the role of 
tin in the alloy catalyst to be relief of *CO poisoning during the EGO.  However, our 
comparative studies of pristine and KOH-treated Pt3Sn/C catalysts reveals a more 
sophisticated scenery. Although the metallic Sn present in the subsurface can facilitate 
the oxidative removal of *CO (Figure 3.3.6d), it does not promote the selectivity toward 
CO2. The SnOx present on the catalyst surface plays a more essential role than oxidizing 
*CO in enhancing the complete oxidation of ethylene glycol. Based on the reaction 
pathways reported by Schnaidt et al.,145, 149-150 we propose a synergistic mechanism at the 
Pt-SnOx interface for the EGO. Assuming *COCH2OH is the intermediate for C-C bond 
cleavage, SnOx could stabilize this adsorbate and reduce the energy barrier for its 
dissociation, possibly through binding to the β carbon via oxygen (by, for example, 
dehydration between the hydroxyl group and *OH on the SnOx surface; see Figure 3.3.7). 
The alteration of single-site adsorption of *COCH2OH on pure Pt surface to such a 
bidentate configuration, plus the facilitated oxidative removal of *CO by subsurface Sn 
(and/or surface SnOx), give rise to the enhanced complete oxidation of ethylene glycol on 
the Pt3Sn/C alloy catalyst than on Pt/C. Hereby we want to point out that the subsurface 
metallic Sn itself may weaken the adsorption of *COCH2OH, as this species binds to Pt 
via the carbonyl group that resembles the case of *CO. Such an effect could make the 
desorption of 2-hydroxyacetyl more favorable and favor the partial oxidation pathways 
toward C2 products such as glycolaldehyde, which can explain the lower CO2 selectivity 
on the KOH-treated Pt3Sn/C catalyst than on Pt/C. Our work thus emphasizes the 
70 
 
importance of controlling the surface structures in developing advanced Pt-bimetallic 
electrocatalysts for selective oxidation of ethylene glycol and other multi-carbon alcohols. 
 
Figure 3.3.7. Hypothesized intermediate configuration on pure Pt and Pt-SnOx interfaces. 
3.4 Conclusion 
Here we report on the electrocatalytic study of ethylene glycol oxidation (EGO) on 
monodisperse and homogeneous Pt3Sn alloy nanoparticles. Catalytic activity and 
selectivity toward CO2 were evaluated under potentiostatic conditions using a H-type cell 
equipped with a gas chromatography-mass spectrometer (GC-MS). An alkaline treatment 
was developed to remove surface tin (oxide) species from the alloy catalyst surface. By 
comparing the electrocatalytic performances of the pristine and treated Pt3Sn catalysts, as 
well as commercial Pt/C, we were able to reveal the distinct roles of surface tin oxide and 
subsurface metallic tin species in the bimetallic electrocatalyst for complete oxidation of 
ethylene glycol: the former enhances the cleavage of C-C bond and the later felicitates 








Chapter 4. Surface Modification of Sphere-like 
Pt3Sn Nanoparticles during Alcohol Electro-
oxidation 
4.1 Introduction 
We have reported the surface property, alcohol electro-oxidation activity and selectivity 
of sphere-like Pt3Sn/C. They exhibited significantly superior activity and CO2 selectivity 
compared to Pt/C during both Ethanol Oxidation Reaction (EOR) and Ethylene Glycol 
Oxidation (EGO). The Sn species in Pt3Sn/C exhibited dual role for EOR and EGO: 
subsurface metallic Sn species facilitates *CO oxidation while surface SnOx substantially 
enhance CO2 selectivity. To the best of our knowledge, there has been no report on the 
change and modification of Pt3Sn/C surface property, which was discovered by us. The 
surface change and modification during alcohol electro-oxidation was investigated in 
detail and this behavior was correlated to CO2 selectivity during alcohol electro-oxidation. 
4.2 Experimental methods 
Materials. perchloric acid (70%, 99.999% trace metal basis from Sigma), Oleylamine 
(70%, Sigma), oleic acid (90%, Aldrich), platinum tetrachloride (Acros Organic), tin(II) 
chloride (Strem Chemicals), borane tert-butylamine complex (Sigma), Pt/C (Tanaka Inc.) 
were purchased and used as received. 
Synthesis. Sphere-like Pt3Sn nanoparticles were synthesized in organic solvent. 
Briefly, 9 ml of oleylamine and 0.4 ml of oleic acid were mixed in a round bottom flask 
and heated to 140 °C. The solution was then evacuated for 10 minutes before purged with 
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Ar for another 10 minutes. The evacuation and Ar flow were repeated twice before 
cooling down to 50 °C. Then a mixture of 0.3 mmol PtCl4, 0.1 mmol SnCl2 and 0.5 ml 
ethanol was injected. After stirring at 50 °C for 10 minutes, the solution was heated to 
120 °C at which temperature 300 mg borane tert-butylamine complex dissolved in 2 ml 
oleylamine was quickly injected. The dark brown solution was kept at 120 °C for 20 
minutes and cooled down to room temperature. The product was acquired by adding 
ethanol and centrifuging at 4,000 rpm for 5 minutes. The sediment was dispersed in 
toluene again and added ethanol for centrifugation one more time. The final product was 
dispersed in toluene. 
The synthesized Pt3Sn nanoparticles were mixed with carbon black 
(KETJENBLAC, >900 m2/g) in a roughly 2:1 mass ratio and dispersed in toluene. The 
suspension was ultrasonicated for 30 minutes and centrifuged at 10,000 rpm for 5 
minutes. Sediment were dispersed in hexane again by sonication and precipitated again 
by centrifugation at 6,000 rpm for 3 minutes. The collected black solid was then annealed 
at 185 °C in air for overnight. Pt loading in catalyst was determined via Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). 
Characterization. FEI Tecnai 12 microscope operated at 100 kV was used to 
acquire Transmission Electron Microscopy (TEM) images. X-ray diffraction (XRD) were 
conducted with a PANalytical X’Pert3 Powder X-Ray Diffractometer equipped with a Cu 
Kα radiation source (λ=0.15406). X-ray Photoelectron Spectroscopy (XPS) 
measurements were conducted on a PHI 5600 Multi-technique photoelectron 
spectrometer using a Mg Kα X-ray source. Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) was measured with a PerkinElmer Elan DRC II Quadrupole.  
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Electrochemical studies. Electrochemical studies were conducted with a Metrohm 
PGSTAT302N potentiostat. A 5 mm diameter glassy carbon rotating disk electrode was 
used as the working electrode, Ag/AgCl and Pt was implemented as reference and 
counter electrode, and no Pt contamination is noted for the anodic reaction of ethanol. 
Both Pt3Sn/C and Pt/C catalysts were dispersed in aqueous solution contain 10% iso-
propanol and 0.025 % Nafion with concentration of 1 mg/ml. The mixtures were 
ultrasonicated for about 30 minutes to form uniform ink. Typically, 20 ul of above ink 
was dropped onto the glassy carbon surface and was dried in air. Cyclic voltammogram 
(CV) was conducted with a scan rate of 50 mV/s after about 10 cycles of scan for surface 
cleaning. Chronoamperometry was held at each potential for 30 minutes. The transient 
signals during the first two seconds were discarded in average amperometric currents 
calculations. All specific currents were normalized by mass of Pt determined by ICP. 
4.3 Results and discussion 
Figures 4.3.1a and b show the TEM images of as-synthesized Pt3Sn nanoparticles and 
Pt3Sn/C catalysts. As is written in Chapter 2, its crystal structure is face-centered cubic as 
revealed by XRD pattern in Figure 4.3.1c. 
 
Figure 4.3.1. TEM images of (a) Pt3Sn nanoparticles and (b) Pt3Sn/C catalyst. (c) XRD 
pattern. 
















We observed change of CV and CO stripping pattern of sphere-like Pt3Sn/C during 
scanning in 0.1 M HClO4 + 0.1 M ethanol or 0.1 M HClO4 + 0.1 M ethylene glycol. As is 
shown in Figure 4.3.2, CV exhibited increasing Hupd region and shrinking OH 
adsorption region when being scanned, and possessed CV extremely similar or identical 
to Pt/C after 20 scans. CO stripping pattern, however, still possessed two peaks at ~ 0.45 
V and ~ 0.71 V, vs one peak at 0.85 V of Pt/C. The change process of CV and CO 
stripping pattern was similar in both ethanol oxidation reaction (EOR) and ethylene 
glycol oxidation (EGO). 
 
Figure 4.3.2. (a, c) CV and (b, d) CO stripping pattern of Pt3Sn/C after certain cycles in 
0.1 M HClO4 + 0.1 M ethanol and 0.1 M HClO4 + 0.1 M ethylene glycol respectively 
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Considering EOR and EGO would produce *CO adsorbed on Pt3Sn/C surface, it is 
natural to attribute the change of surface to outward migration of Pt atoms due to *CO, 
which was observed previously on Pt-Co binary alloy nanoparticles.166 However, our 
comparative study of scanning Pt3Sn/C in argon and CO saturated 0.1 M HClO4 did not 
support this hypothesis. As is shown in Figure 4.3.3, the CV and CO stripping exhibited 
identical pattern change when being scanned in argon and CO saturated 0.1 M HClO4, 
which indicates negligible role played by *CO. 
 
Figure 4.3.3. (a, c) CV and (b, d) CO stripping pattern of Pt3Sn/C after certain cycles in 
carbon monoxide or argon saturated 0.1 M HClO4 
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In order to quantify Pt occupation on surface, Hupd area of Pt3Sn/C were integrated and 
compared to its final CV. The percentage of Hupd area was considered as 
electrochemical surface occupation and presented in Figure 4.3.4a. Pt surface occupation 
reaches 100 % when being scanned 20 cycles with ethanol or ethylene glycol in 
electrolyte, versus 50 cycles when scanned in electrolyte free of ethanol or ethylene 
glycol. This indicates that while surface SnOx dissolution in HClO4 slowly contributes to 
surface change of Pt3Sn, existence of ethanol or ethylene glycol could expedite the 
surface SnOx dissolution process, likely via *OCH2CH2* or *OCH2CO* intermediates 
(see Figures 4.3.4b and 4.3.4c). Despite the significant change of CV pattern, total Pt:Sn 
ratio did not exhibit noticeable change after various scanning procedures (Figure 4.3.4d), 
which is distinct from the case of KOH treatment (see Chapter 2 and 3) and agrees well 
with higher stability of Sn in acidic environment. 
 We conducted surface property investigation of Pt3Sn/C catalyst during EOR and 
EGO selectivity test. Figure 4.3.5 summarizes CV and CO stripping pattern of Pt3Sn/C 
catalyst after each potential. CV pattern exhibited gradually revealing Hupd peak and 
suppressed OH adsorption peak. As is shown in Figure 4.3.5e, the surface Pt occupation 
slowly increases as potential increase and went above 60 % after 0.65 V. We hypothesize 
the surface Pt occupation of Pt3Sn/C catalyst are correlated to CO2 selectivity: Pt 
occupation below 0.55 V is low, representing a distinctly different surface property from 
Pt and resulted in substantially higher CO2 selectivity in both EOR and EGO. Whereas 
surface property became similar to Pt beyond 0.65 V and CO2 selectivity was similar to 




Figure 4.3.4. (a) Pt surface occupation calculated from Hupd peak area. (b, c) 
hypothesized mechanism for expedited surface SnOx dissolution of ethanol and ethylene 
glycol. (d) Pt:Sn atomic ratio after various treatment determined by EDX. 
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Figure 4.3.5. (a, c) CV, (b, d) CO stripping pattern change and (e) Pt surface occupation 
after 30 minutes chrono-amperometric EOR and EGO at various potentials 
4.4 Conclusion 
We have investigated in detail the change of surface property via CV and CO stripping. 
The surface change of Pt3Sn/C in acidic electrolyte is inevitable due to slow dissolution 
of surface SnOx species. We quantified the surface Pt occupation via Hupd peak area and 
hypothesize that the CO2 selectivity might be correlated to electrochemical surface Pt 
occupation.  
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Chapter 5. Electro-oxidation of Ethanol and 
Ethylene Glycol with Cubic Pt3Sn/C 
5.1 Introduction  
The previous chapters had investigated the alcohol electro-oxidation behavior of sphere-
like Pt3Sn/C in detail. In this chapter, cubic shaped Pt3Sn nanoparticles synthesized 
following reported method were investigated for its activity and selectivity for electro-
oxidation of ethanol and ethylene glycol. The surface terrace Pt sites on these Pt3Sn/C 
were correlated to the catalytic behavior toward EOR and EGO. 
5.2 Experimental Methods 
Materials. 1-octadecene (90%, Alfa Aesar), dodecylamine (98%, Acros Organic), 1,2-
hexadecanediol (90%, Aldrich), perchloric acid (70%, 99.999% trace metal basis from 
Sigma), Oleylamine (70%, Sigma), oleic acid (90%, Aldrich), platinum tetrachloride 
(Acros Organic), tin(II) chloride (Strem Chemicals), borane tert-butylamine complex 
(Sigma), Pt/C (Tanaka Inc.) were purchased and used as received. 
Synthesis. Sphere-like Pt3Sn nanoparticles were synthesized in organic solvent. 
Briefly, 9 ml of oleylamine and 0.4 ml of oleic acid were mixed in a round bottom flask 
and heated to 140 °C. The solution was then evacuated for 10 minutes before purged with 
Ar for another 10 minutes. The evacuation and Ar flow were repeated twice before 
cooling down to 50 °C. Then 101 mg PtCl4 and 19 mg SnCl2 dissolved in 0.5 ml ethanol 
was injected into solution. After stirring under argon flow at 50 °C for 10 minutes, the 
solution was heated up to 120 °C where 300 mg of borane tert-butylamine complex 
dissolved in 2 ml of oleylamine was quickly injected. The dark brown solution was kept 
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at 120 °C for 20 minutes and cooled down to room temperature. The product was 
acquired by adding ethanol and centrifuging at 4,000 rpm for 5 minutes. The sediment 
was dispersed in toluene again and added ethanol for centrifugation one more time. The 
final product was dispersed in toluene. 
15nm Pt3Sn nanoparticles are synthesized following a slightly modified reported 
method46. In short, 6ml of 1-octadecene, 560mg of dodecylamine and 200mg of 1,2-
hexadecanediol was heated to 300 °C under inert atmosphere. A mixture of 0.025mmol 
PtCl4, 0.01mmol SnCl2, 0.5ml iso-propanol and 1.5ml of 1-octadecene was slowly 
injected into the solution at 300 °C. After injection the solution was kept at 300 °C for 
another 10 minutes before cooling down to room temperature. The nanoparticles were 
precipitated by adding iso-propanol and centrifuge at 4,000 rpm for 5 minutes. After the 
sediment was dispersed in toluene, it was centrifuged again with ethanol at 4,000 rpm for 
5 minutes. Final product was dispersed in toluene for storage further usage. 
The synthesized Pt3Sn nanoparticles were mixed with carbon black 
(KETJENBLAC, >900 m2/g) in a roughly 2:1 mass ratio and dispersed in toluene. The 
suspension was ultrasonicated for 30 minutes and centrifuged at 10,000 rpm for 5 
minutes. Sediment were dispersed in hexane again by sonication and precipitated again 
by centrifugation at 6,000 rpm for 3 minutes. The collected black solid was then annealed 
at 185 °C in air for overnight. Pt loading in catalyst was determined via Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). 
Characterization. FEI Tecnai 12 microscope operated at 100 kV was used to 
acquire Transmission Electron Microscopy (TEM) images. X-ray diffraction (XRD) were 
conducted with a PANalytical X’Pert3 Powder X-Ray Diffractometer equipped with a Cu 
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Kα radiation source (λ=0.15406). X-ray Photoelectron Spectroscopy (XPS) 
measurements were conducted on a PHI 5600 Multi-technique photoelectron 
spectrometer using a Mg Kα X-ray source. Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) was measured with a PerkinElmer Elan DRC II Quadrupole.  
Electrochemical studies. Electrochemical studies were conducted with a Metrohm 
PGSTAT302N potentiostat. A 5 mm diameter glassy carbon rotating disk electrode was 
used as the working electrode, Ag/AgCl and Pt was implemented as reference and 
counter electrode, and no Pt contamination is noted for the anodic reaction of ethanol. 
Both Pt3Sn/C and Pt/C catalysts were dispersed in aqueous solution contain 10% iso-
propanol and 0.025 % Nafion with concentration of 1 mg/ml. The mixtures were 
ultrasonicated for about 30 minutes to form uniform ink. Typically, 20 ul of above ink 
was dropped onto the glassy carbon surface and was dried in air. Cyclic voltammogram 
(CV) was conducted with a scan rate of 50 mV/s after about 10 cycles of scan for surface 
cleaning. Chronoamperometry was held at each potential for 30 minutes. The transient 
signals during the first two seconds were discarded in average amperometric currents 
calculations. All specific currents were normalized by mass of Pt determined by ICP. 
5.3 Results and Discussion 
Figures 5.3.1a and 5.3.1b show the TEM images of as-synthesized Pt3Sn nanocubes and 
Pt3Sn/C catalysts. They possess face-centered cubic structure of intermetallic Pt3Sn as 
revealed by XRD pattern in Figure 5.3.1c. Above characterization results are consistent 
with reported data by Wang et al.46 The as-synthesized Pt3Sn nanocubes were loaded on 
high surface area carbon and treated under mild thermal condition to remove surface 
organic surfactants.112 The surface Pt species were slightly oxidized after treatment, as 
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indicated by XPS spectra of cubic Pt3Sn/C catalyst---Cubic Pt3Sn/C possessed Pt 4f peaks 
at 71.5 eV and 74.7 eV for 4f7/2 and 4f5/2 versus 71.2 eV and 74.5 eV of metallic Pt pellet. 
While for Sn edge spectra, cubic Pt3Sn/C possessed Sn 3d peaks at 486.4 eV and 494.8 eV 
for 3d5/2 and 3d3/2 respectively vs 485.0 eV and 493.4 eV of Sn pellet, which indicates Sn species 
on the surface of cubic Pt3Sn/C are mostly oxidized. 
 
Figure 5.3.1. TEM images of (a) as-synthesized cubic Pt3Sn and (b) cubic Pt3Sn/C. (c) 
XRD pattern. (d) Pt edge and (e) Sn edge of cubic Pt3Sn/C XPS spectra. 
The acquired cubic Pt3Sn/C catalyst were loaded on rotating disk electrode and examined 
for their surface properties and EOR and EGO catalytic activities. Comparison was made 
between cubic and sphere-like Pt3Sn/C (reported in Chapter 2 - 4) to reveal the 
correlation between surface facets and catalytic behavior. The electrochemical surface 
area (ECSA) of tested cubic and sphere-like Pt3Sn/C was 2.02 cm2 and 1.68 cm2 
calculated from CO stripping pattern, while ECSA calculated from Hupd 0.63 cm2 and 
0.21 cm2 respectively. Considering CO could access more surface sites than H+, CO 
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stripping charge is a more accurate method of evaluation ECSA. In addition, Hupd 
charge:CO stripping charge was 0.19 and 0.05 for cubic and sphere-like Pt3Sn/C 
respectively. The drastic difference indicates cubic Pt3Sn/C showed much less weakened 
proton binding energy compared to sphere-like Pt3Sn/C. Calculation from XPS spectra 
show that cubic Pt3Sn/C only showed slightly higher Pt:Sn atomic ratio than sphere-like 
Pt3Sn/C (4.7 vs 4.2). Therefore the difference should be mostly ascribed to terrace Pt sites 
on surface. 
Considering the difference sizes and shapes of two types of Pt3Sn/C, current densities 
were normalized against ECSA rather than mass of Pt as calculated in previous chapters. 
Figure 5.3.2a shows the CV of cubic and sphere-like Pt3Sn/C in 0.1 M HClO4. When 
normalized by ECSA, cubic Pt3Sn/C possess significantly larger Hupd and OH 
adsorption region area, which indicates terrace Pt sites on surface of cubic Pt3Sn/C 
exhibit property more similar to Pt. This is consistent with CO stripping pattern, where 
both Pt3Sn/C exhibited two peaks while cubic Pt3Sn/C shows larger peak at higher 
potential, reaching 0.12 mA/cm2 ECSA vs (0.09 mA/cm2 ECSA of sphere-like Pt3Sn/C). The 
cubic Pt3Sn/C were further scanned in 0.1 M HClO4 + 0.1 M EtOH and 0.1 M HClO4 + 
0.1 M EG for evaluation of EOR and EGO activity. For EOR, although reaching higher 
peak current density at ca. 0.83 V than sphere-like Pt3Sn/C (0.5 mA/cm2 ECSA vs 0.45 
mA/cm2 ECSA), cubic Pt3Sn/C lack the oxidation feature in potential region 0.4 – 0.6 V. 
The situation was consistent during EGO, whereas cubic Pt3Sn/C showed even slightly 
lower peak current at ca. 0.78 V (0.51 mA/cm2 ECSA vs 0.53 mA/cm2 ECSA) with no 
oxidation feature in low potential region. Above results indicate suppressed activity 
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toward EOR and EGO, which could be ascribed to terrace sites of (100) lack the 
capability of cleaving C-C bond.76-77 
 
Figure 5.3.2. (a) CV and (b) CO stripping pattern of cubic Pt3Sn/C and comparison with 
sphere-like Pt3Sn/C in 0.1 M HClO4. Polarization curve in 0.1 M HClO4 + 0.1 M EtOH 
and 0.1 M HClO4 + 0.1 M EG 
Chronoamperometry tests were further carried out in 0.1 M HClO4 + 0.1 M EtOH and 0.1 
M HClO4 + 0.1 M EG to evaluate EOR and EGO catalytic activity without double layer 
capacitance current. Cubic Pt3Sn/C exhibited lower current density than sphere-like Pt3Sn/C 
throughout potential region 0.45 V – 0.85 V for both EOR and EGO, as is shown in Figure 5.3.3. 
This is consistent with polarization curves in Figures 5.3.2c and 5.3.2d and confirms the lower 
activity of terrace Pt sites of Pt3Sn. 
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Figure 5.3.3. Average current density during 30 minutes chrono amperometry for (a) 
EOR and (b) EGO. 
The CO2 selectivity of cubic Pt3Sn/C was examined in a novel H-type electrolysis cell. Cubic 
Pt3Sn/C exhibited significantly lower selectivity toward CO2 than sphere-like Pt3Sn/C for both 
EOR and EGO (Figures 5.3.4a and 5.3.4b). The faradaic efficiency of CO2 is below 3 % 
throughout the potential range of 0.45 V – 0.85 V for cubic Pt3Sn/C during EOR and EGO, 
compared to 12 % and 27 % reached in EOR and EGO by sphere-like Pt3Sn/C. The comparison 
between cubic and sphere-like Pt3Sn/C is better visualized by CO2 partial current (Figures 5.3.4c 
and 5.3.4d). Cubic Pt3Sn/C exhibited CO2 partial current 1/5 of sphere-like Pt3Sn/C or lower. 














































Figure 5.3.4. (a, b) carbon dioxide faradaic efficiency during EOR and EGO. (c, d) 
carbon dioxide partial current during EOR and EGO. 
The lower selectivity toward CO2 of cubic Pt3Sn/C could likely be attributed to lack of C-C bond 
cleavage of terrace sites.76 This postulation is further supported by selectivity toward acetic acid 
and methane (Figure 5.3.5). Cubic Pt3Sn/C exhibited significantly higher acetic acid selectivity 
and lower methane signal compared to sphere-like Pt3Sn/C, which indicates its lower capability 
of cleaving C-C bond. 


































































Figure 5.3.5. (a) acetic acid faradaic efficiency comparison. (b) methane signal detected 
by MS. 
5.4 Conclusion 
We have investigated the activity and selectivity of cubic Pt3Sn/C during EOR and EGO. 
Compared to sphere-like Pt3Sn/C, cubic shape catalysts exhibited slightly lower activity and CO2 
selectivity during both EOR and EGO. Our findings resembles the reported results that terrace Pt 
sites possess lower capability of cleaving C-C bond.  
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Chapter 6. Pt-SnOx heterodimer and Their 
Catalytic Behavior for Ethanol Electro-oxidation 
6.1 Introduction 
 The benefits of Pt/Sn binary catalysts for alcohol electro-oxidation had been 
discussed in Chapter 2---Sn provide adsorbing sites for OH groups to assist with COads 
and CHx,ads removal on Pt surface96. In Pt/Sn alloy catalysts, the tuning of composition 
and atomic structure had been proved to be difficult. For example, the amount of Sn that 
could be implemented is limited----too much Sn would decrease the amount of Pt 
ensemble on surface thus decrease total activity. Also, a significant portion of Sn might 
be buried in inner layers of catalyst, limiting the number of Pt-Sn(Ox) interface. As a 
matter of fact, in some reports Pt/Sn alloy catalyst exhibited minor or no enhancement for 
CO2 selectivity167-168. Therefore non-alloy Pt-Sn(Ox) structure is interesting for 
researchers. Du et al. reported core shell structure with SnO2 rich shell and Pt rich core 
and demonstrated their higher activity and CO2 selectivity during EOR96. Jiang et al. 
synthesized non-alloy Pt/SnOx with various Pt/Sn composition and confirmed their 
enhancement of EOR activity and CO2 selectivity129, 169. Antolini et el. reported a 
complicated structure of (PtSn)alloy/SnO2 and demonstrated it superior catalytic activity in 
real DEFC170. Silva et al. constructed SnO2@Pt core shell structure (with Pt shell) with 
enhanced EOR activity171. Above are the studies that claim Pt-Sn(Ox) non-alloy structure 
exhibit superior performance for alcohol electro-oxidation. There are also some reports 
claiming weaker performance of Pt-Sn(Ox) non-alloy structure compared to Pt/Sn alloy. 
For example, De Souza et al. reported that Pt3Sn/C catalysts exhibit higher performance 
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than non-alloy PtSn/C catalyst in DEFC118. Godoi et al. investigated the EOR activity of 
Pt-Sn/C catalyst with various portion of alloy and found that higher alloy degree would 
result in higher EOR activity172. Silva et al. compared EOR activity and product 
selectivity of 92 % alloy and 6 % alloy Pt-Sn/C in another of their works and reported 92% 
alloy Pt-Sn/C exhibit higher EOR activity while 6 % alloy showed higher CO2 
selectivity173. It could be seen from above that non-alloyed Pt-Sn(Ox) catalysts showed 
various and controversial performance for alcohol electro-oxidation. In this chapter, 
various morphology of Pt-Sn heterodimer with Pt-Sn interface was designed and 
synthesized. Their structure is illustrated below in Figure 6.1.1. Their EOR activity and 
selectivity was also investigated. 
 
Figure 6.1.1. Illustration of Pt-Sn heterodimer of various structures. 
6.2 Experimental method 
Materials 
Tin Sulfate (>95%, Sigma), polyvinylpyrrolidone (PVP, MW 8000, Alfa Aesar), Sodium 
borohydride (Sigma), platinum(II) chloride (98%, alfa aear), 1-octadecene (90%, Alfa 
Aesar), dodecylamine (98%, Acros Organic), 1,2-hexadecanediol (90%, Aldrich), 
oleylamine (70%, Sigma), oleic acid (90%, Aldrich), platinum tetrachloride (Acros 





and perchloric acid (70%, 99.999% trace metal basis from Sigma) were purchased and 
used as received. 
 
Sn seed synthesis 
Tin seed nanoparticles could be grown in aqueous or organic solvent. Aqueous solution 
method was modified from reported synthetic protocol113. Briefly, 0.4 mmol SnSO4, 50 
mg PVP (MW 8,000) were dissolved in 10 ml de-ionized water. Then 200 mg NaBH4 
dissolved in 10 ml water was slowly poured into the SnSO4 and PVP solution. The 
mixture was stirred in ambient air at room temperature for 2 hours. Product was collected 
by centrifugation at 10,000 rpm for 20 minutes. The brown sediment was re-dispersed in 
de-ionized water and centrifuged again at 10,000 rpm for 20 minutes twice to wash off 
extra PVPs. Acquired product was dispersed in ethanol for further use and storage. Sn 
seed could also be synthesized in organic solvent with a novel method. In this method, 9 
ml of oleylamine and 0.4 ml of oleic acid was heated to 140 – 160 °C and evacuated for 
10 minutes in round bottom flask. Then the reaction container was purged with argon for 
10 minutes. The evacuation and purging was repeated twice to remove impurities in 
solvent. The yellow solvent was then cooled down to 50 °C when the flask was opened 
and 300 mg of BTB was added. When all BTB dissolved, 0.2 mmol of SnCl2 was added 
into solution. The mixture was quickly heated to 120 °C and was held at there for 5 
minutes before cooling down to room temperature. The product was acquired by 
centrifugation after adding ethanol and washed with ethanol again to remove excess 




Pt-Sn heterodimer synthesis 
Platinum was grown onto Sn seed via galvanic replacement. For a typical synthesis of 
Pt3.3Sn heterodimer, 20 mg of the above Sn nanoparticles were dispersed in 23 ml of 
ethanol and heated to ~65 °C under inert atmosphere. Then 11 mg of PtCl2 dissolved in 2 
ml of ethanol was injected dropwise into the Sn dispersion. The molar ratio of Sn:Pt was 
controlled to be 4:1. The mixture was held at 65 °C for 1 hour. The product was acquired 
by centrifugation at 10,000 rpm for 5 minutes. The product was then washed by water 
twice to remove excess amount of PtCl2. After washing, product was dispersed in ethanol 
for further use and storage. Pt-Sn heterodimer with different composition was grown with 
different amount of PtCl2. For example, Pt1.3Sn heterodimer was synthesized by 




The catalyst preparation process for Pt-Sn heterodimers was similar to Pt/Sn alloys. The 
as-synthesized Pt-Sn heterodimers dispersed in ethanol were mixed with carbon black 
(Ketjenblack, ~900 m2/g) in a roughly 2:1 mass ratio. After ultra-sonication for 30 
minutes the suspension was centrifuged at 10,000 rpm for 5 minutes. To wash away more 
organic surfactants on the surface of nanoparticles the sediment was re-dispersed in 
hexane by sonication and centrifuged at 6,000 rpm for 3 minutes. Then the sediment was 
dispersed in hexane again and dried out in air at 80 °C before being annealed at 185 °C in 
air overnight. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was conducted 





Characterization methods were similar to Pt/Sn alloys. Transmission Electron 
Microscopy (TEM) images were acquired on an FEI Tecnai 12 microscope operating at 
100 kV. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). 
Energy-dispersive X-ray spectroscopy (EDX) was acquired on a JEOL JSM-6700F Field 
Emission Scanning Electron Microscope. X-ray Photoelectron Spectroscopy (XPS) 
measurements were done on a PHI 5600 Multi-technique photoelectron spectrometer 
using a Mg Kα X-ray source. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
was collected with a PerkinElmer Elan DRC II Quadrupole. Nuclear Magnetic Resonance 
(NMR) was conducted using a Bruker Fourier 300 MHz spectrometer. 
 
Electrochemistry test on Rotating Disk Electrode (RDE) 
The EOR activities were measured with same method as Pt/Sn. 5mm glassy carbon 
rotation disk electrode (RDE) with a Metrohm PGSTAT302N potentiostat was 
implemented. The reference electrode was an Ag/AgCl electrode and the counter 
electrode was a Pt wire. For electrode preparation the annealed catalyst was dispersed in 
10% IPA and 0.025% Nafion aqueous solution at 1 mg/ml. The mixture was sonicated 
shortly to allow formation of uniform ink. Then 20 ul of ink was dropped onto the surface 
of glassy carbon RDE and was dried in air. Figure 1.4.1b in chapter 1 is a photo of typical 
electrochemistry measurement set up. All current density were normalized by mass of 
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Pt+Sn acquired from ICP. All potentials discussed were presented against the reversible 
hydrogen electrode (RHE). 
 
Gas Product Analysis via GC-MS 
The selectivity was measured in identical method to Pt/Sn alloy. A 2 cm by 2 cm glassy 
carbon disk was used as working electrode and 1.5 ml-2 ml of catalyst ink was dropped 
onto the center and dried in air. Helium was purged into the anodic compartment (directly 
connected to GC-MS) at 10 sccm. Gas phase products were analyzed by a GCMS-
QP2010SE (Shimadzu) installed a Plot-Q column (Restek). Each potential was applied 
and hold for 30 minutes. Liquid products were identified and quantified by NMR. All 
potentials discussed were presented against the reversible hydrogen electrode (RHE). 
Figure 2.2.2 in chapter 2 is experimental set up of novel electrolysis cell and GC-MS 
adopted. The faradaic efficiency of CO2 was calculated with equation below: 
𝑛𝑛𝑛𝑛𝐶𝐶𝑂𝑂2(%) =
𝐶𝐶𝑂𝑂2 𝑐𝑐𝑏𝑏𝑛𝑛𝑐𝑐𝐴𝐴𝑛𝑛𝑡𝑡𝑐𝑐𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 (𝐴𝐴𝐴𝐴𝑝𝑝)





Here n is electron transfer number with n=6 for EOR and n=5 for EGO. F is faraday 
constant 96485 C/mol, P is pressure in bar, R is ideal gas constant 0.08314 L∙bar/(K∙mol), 
T is temperature in K. 
 
Liquid product analysis via Nuclear Magnetic Resonance (NMR) 
A Bruker Advance 300 MHz NMR was implemented to analyze liquid product. 
Deuterium oxide was added to make solvent 90% H2O and 10% D2O. Typically, 
electrolyte after 30 minutes of amperometry was stored in 2 ml centrifuge vial. 665 ul of 
electrolyte pending analysis will be added into NMR tube together with 70 ul of 5 mM 
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dimethyl sulfide (DMSO)/D2O solution. The NMR tubes were then measured. Figure 
2.2.3 in chapter 2 are sample NMR spectra of electrolyte after EOR. The concentration of 
acetic acid was quantified with relative CH3 peak area compared to DMSO peak area via 
external calibration curve. Figure 2.2.4 in chapter 2 is a sample calibration curve of peak 
area. The faradaic efficiency of acetic acid is calculated in the following way: 
𝑛𝑛𝑛𝑛𝑎𝑎𝑐𝑐𝑟𝑟𝑡𝑡𝑎𝑎𝑐𝑐 𝑎𝑎𝑐𝑐𝑎𝑎𝑟𝑟(%) =
𝑎𝑎𝑐𝑐𝐴𝐴𝑡𝑡𝑖𝑖𝑐𝑐 𝑎𝑎𝑐𝑐𝑖𝑖𝑑𝑑 𝑐𝑐𝑏𝑏𝑛𝑛𝑐𝑐𝐴𝐴𝑛𝑛𝑡𝑡𝑐𝑐𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 (𝑀𝑀) × 𝑣𝑣𝑏𝑏𝑅𝑅𝑐𝑐𝑝𝑝𝐴𝐴 (𝐿𝐿)
𝑐𝑐𝐴𝐴𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 𝑡𝑡𝑖𝑖𝑝𝑝𝐴𝐴 (𝑣𝑣) × 𝑛𝑛𝑛𝑛
𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡
× 100 
Here electron transfer number is 4. 
6.3 Characterization of Synthesized Pt-Sn heterodimer 
Synthesized Pt-Sn heterodimer were first characterized by Transmission Electron 
Microscopy (TEM) and X-Ray Diffraction (XRD). 
 
Figure 6.3.1. TEM images of (a) Sn seed, (b) Pt0.04Sn, (c) Pt1.3Sn and (d) Pt3.3Sn. (e) 
XRD pattern 






































Pt 4f5/2 Pt 4f7/2
 
Pt pellet
























As is shown in Figure 6.3.1a, Sn seeds with size from 20 to 40 nm were successfully 
synthesized. Sn seeds mostly exist in spheres while a minor portion of them are elongated 
spheres. Their XRD patterns agree with metallic Sn. Three representative Pt-Sn 
heterodimers were presented in Figure 6.3.1. Figure 6.3.1b shows the morphology of 
Pt0.04Sn heterodimers. Sn seeds remained their original morphology while Pt clusters of 
~3 nm attached to Sn matrix. No visible Pt peak could be observed from XRD pattern, 
while the existence of Pt was confirmed by both ICP-MS and EDX. The lack of Pt peak 
on XRD is likely due to amorphous nature of grown Pt cluster or low amount of Pt. 
Pt1.3Sn exhibited morphology of 5-10 nm Pt nanoparticles attached to Sn nanoparticles. 
Sn seeds showed minor shrink in size. Pt1.3Sn showed a broad XRD peak at 39.7 degree, 
corresponding to Pt (111) facet. Sn (200), Sn (101), Sn (220) and Sn (211) peaks also 
existed in the XRD pattern of Pt1.3Sn and the Sn peaks were sharp. Above XRD pattern 
indicate the low crystallinity of Pt and high crystallinity of Sn in Pt1.3Sn. TEM image of 
Pt3.3Sn was shown in Figure 6.3.1d and the majority had become Pt nanoparticles of 5-10 
nm. Sn seeds, however, shrinked significantly in size and were mostly buried between Pt 
nanoparticles. Pt3.3Sn exhibited XRD peaks at same position as Pt1.3Sn with sharper Pt 
peaks and weaker Sn peaks. This could be explained by formation of Pt nanoparticles of 
higher crystallinity and consumption of Sn during galvanic replacement resulted in lower 
crystallinity of Sn. The Pt-Sn heterodimers were loaded on carbon and treated under mild 
thermal conditions for electrochemistry tests. XPS was conducted to investigate surface 
oxidation state of these catalysts. Pt0.04Sn/C showed nearly no Pt peaks in XPS (Figure 
6.3.1f), while Pt1.3Sn/C and Pt3.3Sn/C possess slightly oxidized surface Pt species. In the 
meantime, all three catalysts possess oxidized Sn surface (Figure 6.3.1g). 
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Their morphology remained the same after loaded on carbon, as is shown in Figure 6.3.2. 
 
Figure 6.3.2. TEM images of Pt-Sn heterodimers loaded on carbon. (a) Pt0.04Sn, (b) 
Pt1.3Sn and (c) Pt3.3Sn. 
6.4 Electrocatalytic performance 
The EOR performance of Pt-Sn heterodimers were investigated on Rotating Disk 
Electrode (RDE). Figure 6.4.1 summarizes their catalytic performance. Their 








was suppressed for Pt-Sn heterodimers of with all compositions. It is surprising that even 
Pt3.3Sn showed no Hupd peak, which is likely due to partial alloying of Pt and Sn.  
 
Figure 6.4.1. (a) Voltammogram and (b) CO stripping of Pt-Sn heterodimers in 0.1M 
HClO4. (c) positive cyclic voltammetry scan and (d) average current density during 30 
minutes amperometry in 0.1M HClO4 + 0.1M ethanol. 
Pt0.04Sn exhibited a tiny OH adsorption peak at 0.73 V, which is ~100 mV lower than the 
peak position of 6nm Pt. The ultra-small OH adsorption peak area corresponds to low 
amount of Pt sites in Pt0.04Sn. Pt1.3Sn possess OH adsorption peak at 0.82 V and Pt3.3Sn 
possess OH adsorption peak at 0.73 V. It should be noted that the OH adsorption peak of 
Pt1.3Sn is much larger than Pt3.3Sn despite its lower Pt content. This is likely due to 






































































































aggregation of Pt nanoparticles on Sn surface resulted in loss of surface area. CO 
stripping behavior of Pt-Sn heterodimers are also significantly different from Pt. All Pt-
Sn heterodimers possess two peaks at ~0.45 V and ~0.72 V, both much lower than the 
CO stripping peak of pure Pt at ~0.82 V. Similar to Pt/Sn alloys discussed in Chapter 2, 
the lower peak position of is caused by synergy between Pt and Sn—Sn provides 
adsorbing site for OH group that assist with COads oxidation. Their peak at ~0.72 V could 
be attributed to Pt sites with high coordination number and the peak at ~0.45 V 
corresponds to low coordinated Pt sites. The CO stripping peak of Pt0.04Sn is tiny yet 
visible. The CO stripping peak area of Pt1.3Sn is larger than that of Pt3.3Sn, which is 
consistent as the trend in voltammogram and due to same reason. Pt-Sn heterodimers 
exhibited enhanced EOR performance. The positive scan of cyclic voltammetry in 0.1M 
HClO4 + 0.1M ethanol in Figure 6.4.1c shows the onset potential of Pt3.3Sn and Pt1.3Sn is 
as low as ~0.25 V, compared to ~0.37 V of Pt. Pt1.3Sn possess a shoulder peak at ~0.48 V 
and Pt3.3Sn possess a shoulder peak at ~0.6 V, showing enhanced EOR activity within 
potential range between 0.4 V to 0.7 V. The peak current of Pt1.3Sn and Pt3.3Sn is 80% 
and 47% of Pt respectively, indicating higher activity of Pt at potentials above 0.7 V. 
Pt0.04Sn, however, possessed very low activity. No low potential peak could be observed 
between 0.4 V and 0.6 V, likely because the current is too low to be visible. A tiny EOR 
peak corresponding to Pt was observed at 0.8 V with peak current 13 % of Pt. The low 
total activity of Pt0.04Sn is due to low ensemble of Pt sites in catalyst. Figure 6.4.1d 
summarizes the average current density during 30 minutes amperometry in 0.1M HClO4 
+ 0.1M Ethanol. Pt1.3Sn and Pt3.3Sn showed current density much higher than Pt, 
reaching 24 times and 7 times of Pt at 0.45 V, 5 times and 2 times of Pt at 0.55 V 
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respectively. Pt1.3Sn still showed higher current density throughout all potentials, with 1.4 
to 2.8 times current density of Pt. The enhanced activity of Pt-Sn heterodimers could be 
attributed to synergy between Pt and Sn. Specifically, Pt1.3Sn showed higher activity than 
Pt at all potentials because the large amount of Pt-Sn interfaces. Pt0.04Sn, however, 
exhibited very low EOR activity during 30 minutes amperometry. It possessed almost no 
activity at 0.45 V and 0.55 V, at current 1/10-1/2 of Pt at higher potentials. This is again 
because of the low ensemble of Pt sites. 
6.5 Product selectivity during EOR 
The synthesized Pt-Sn heterodimers were tested for product selectivity during EOR. 
Figure 6.5.1 summarizes their product selectivity. 
 
Figure 6.5.1. Faradaic efficiency of (a) CO2 and (b) acetic acid of Pt-Sn heterodimers 
during EOR 
As is shown in Figure 6.5.1a, the CO2 faradaic efficiency for Pt-Sn heterodimers during 
EOR were all below 5 %. The CO2 faradaic efficiency of Pt1.3Sn was 4.3% at 0.55 V, and 
slowly decreased to 0.7% at 0.85 V. Pt3.3Sn showed even lower CO2 faradaic efficiency, 
with 1.9 % at 0.55 V and decreased to 0.3 % at 0.85 V. These values are similar to that of 
Pt control sample. The trend of decreasing CO2 selectivity with potential was same as 







































that of Pt/Sn alloys and indicate more favorable of C2 product pathway at high potentials. 
The current of Pt0.04Sn was very low so no CO2 signal was detected. The majority of 
product was still acetic acid, as is shown in Figure 6.5.1b. The faradaic efficiency of 
acetic acid of Pt0.04Sn decrease from 95 % to 80 % within potential range from 0.55 V – 
0.75 V before sharply dropping to 41 % at 0.85 V. The sharp drop could be attributed to 
favor of acetaldehyde pathway at 0.85 V. Pt1.3Sn exhibited stable acetic acid faradaic 
efficiency from 83 % to 95 % at all potentials, attributing to highly favorable acetic acid 
pathway at all potentials. Pt3.3Sn started with acetic acid faradaic efficiency as high as 92 % 
at 0.55 V, then decreased to 44 % to 62 % between 0.65 V – 0.85 V. Pt-Sn heterodimers 
exhibited overall very high acetic acid selectivity, which is likely due to lack of close Pt-
SnOx interfaces that is capable of cleaving C-C bond. Our CO2 selectivity result of Pt-Sn 
heterodimer exhibited barely any enhancement compared to Pt, and lower performance 
compared to Pt/Sn alloy. This conclusion agrees with the study reported by Silva et al.173 
and is not consistent with Jiang et al.129, 169 The minor or no enhancement of CO2 
selectivity could be attributed to two reasons: i) limited number of surface SnOx sites, ii) 




Figure 6.5.2. (a) m/z=15 peak area of Pt1.3Sn during EOR at various potentials. (b) 
m/z=15 peak area of Pt1.3Sn during 0.75 V EOR at various time. (c) m/z=15 peak area of 
Pt3.3Sn during EOR at various potentials. (d) m/z=15 peak area of Pt3.3Sn during 0.75 V 
EOR at various time.  
Similar to Pt/Sn alloy, m/z=15 peak attributed to CH3+ was also detected during 
EOR of Pt-Sn heterodimers, indicating formation of methane during EOR. Figure 6.5.2a 
shows the m/z=15 peak area of Pt1.3Sn at various potentials. The peak area increase from 
0.55 V to 0.75 V and decrease at 0.85 V. The methane peak was observed throughout 
whole 30 minute EOR process and slightly increased between 5 minutes and 15 minutes, 





that of Pt1.3Sn, likely due to higher ensemble of Pt. As is shown in Figure 6.5.2c, the 
m/z=15 peak during Pt3.3Sn EOR was rather stable between 0.55 V to 0.75 V and 
dropped by ~20 % at 0.85 V. The existence of m/z=15 peak was observed throughout 
whole 30 minutes, as is shown in Figure 6.5.2d. The peak area of methane exhibit rather 
random trend. The formation of methane and CH3+ fragment is complicated and may be 
affected by many factors, including Pt configuration, Pt-Sn interaction etc. 
6.6 Surface change and KOH Treatment 
The surface property and structure of Pt-Sn heterodimers could be modified during 
alcohol electro-oxidation. The mechanism was discussed in Chapter 2. Briefly, Pt possess 
a stronger CO adsorption energy and migrates to surface at the presence of COads. Below 
is surface change of Pt1.3Sn after ethanol oxidation reaction. 
 
Figure 6.6.1. (a) Voltammogram and (b) CO stripping change of Pt1.3Sn after EOR from 
0.45 V to 0.85 V. 
Figure 6.6.1 summarizes the surface property change of Pt1.3Sn after ethanol oxidation 
reaction with chronoamperometry from 0.45 V to 0.85 V. Voltammogram of Pt1.3Sn 




compared to 0.85 V of pure Pt. CO stripping pattern still possessed two peaks with higher 
peak area. Above results could be explained by Pt migration onto surface in partially 
alloyed Pt/Sn region, while a significant portion of Sn particles in heterodimer remain 
unchanged. The Pt:Sn atomic ratio became 0.56 after EOR. This is a result of Sn slow 
dissolution that detached some Pt from heterodimers. 
The surface property and structure could also be modified via scanning in KOH. The 
mechanism was discussed in Chapter 2. In short, Sn atoms could dissolve in KOH and 




Figure 6.6.2. (a) voltammogram, (b) CO stripping change with scanning in 0.1M KOH. 
(c) comparison of positive cyclic voltammetry scan in 0.1M HClO4 + 0.1M ethanol 
before and after KOH scans. 
Figure 6.6.2 summarizes the electrochemistry behavior of Pt1.3Sn during KOH treatment. 
While pristine Pt1.3Sn showed no Hupd peak, it showed a small Hupd peak after one 
KOH scan, indicating exposure of pure Pt surface with dissolution of Sn. The OH 
adsorption peak decreased to ~2/3 of original after 1 KOH scan. This indicate loss of Sn 
atoms on surface. After 2nd scan in KOH, Pt Hupd peak slightly shrinked while OH 
adsorption peak almost disappeared. This could be attributed to further loss of Sn resulted 





exhibited significant change as is shown in Figure 6.6.2b. The peak at ~0.75 V decreased 
with KOH scan because of loss of surface Pt sites. The peak at ~0.4 V, however, 
increased after first scan and decreased again after second scan. The increase after first 
scan was caused by exposure of more Sn dominant surface with detachment of Pt, while 
the decrease after second scan was due to further loss of total surface area. Figure 6.6.2c 
shows the significant loss of EOR activity of Pt-Sn heterodimer after KOH scans. The 
peak current decreased to ~20% of pristine Pt1.3Sn after merely two KOH scans. This 
could be easily explained by loss of Pt ensemble within Pt-Sn heterodimers. Figure 6.6.3 
is a schematic illustration of Pt1.3Sn structure change during KOH scans. 
 
Figure 6.6.3. Schematic illustration of Pt-Sn heterodimer structural change during KOH 
scans. 
6.7 Conclusion 
We have successfully synthesized Pt-Sn heterodimers of various morphology and 
composition. Their catalytic performance for EOR was investigated and all of them 
exhibited significantly enhanced activity than Pt at 0.45 V and 0.55 V. Specifically 
Pt1.3Sn showed higher activity than Pt at all potentials. The enhancement of activity could 





enhancement in terms of CO2 selectivity compared to Pt. This is likely due to lack of 
synergy between surface SnOx and subsurface Sn species. The Pt-Sn heterodimers would 
experience Sn dissolution and Pt detachment when treated with KOH, which will result in 




Chapter 7. Eletro-Oxidation of Alcohol using 
Pt/Rh/Sn Ternary Nanomaterials 
7.1 Introduction 
 Binary Pt/Sn nanomaterials exhibited enhancement in catalysis of alcohol electro-
oxidation to a certain degree. Another feasible approach to enhance alcohol electro-
oxidation catalytic performance is to implement a third element to form ternary 
composition. Rhodium is a promising element to be implemented and its benefits had 
been reported by both computational and experimental works. Sheng et al. computed the 
energy changes during EOR on Pt doped with Ru, Rh, Pd, Os and Ir174. They concluded 
that implementing Rh is beneficial for beta dehydrogenation step (CH3CO*CH2CO* + 
H*) thus enhance the selectivity toward CO2. Li et al. compared the formation of CO2 on 
Pt/C and PtRh/C via in situ IR and reported that Rh would promote C-C bond breaking 
on catalyst surface175. De Souza et al. further reported that Rhodium not only contribute 
to C-C bond breaking, but also suppress the formation of acetic acid176. The suppression 
of acetic acid formation could be attributed to obstacle in ethanol adsorption176 and/or 
hindered ethanol alpha dehydrogenation on Pt surface177. It is, therefore, greatly 
beneficial to design ternary catalysts with Pt/Rh/Sn composition for alcohol electro-
oxidation purpose. Rhodium plays the role of enhancing C-C bond breaking and beta 
dehydrogenation mentioned above, while tin adsorb OHads species for oxidation of 
CHx,ads and COads intermediates poisoning catalyst surface178. There had been 
investigations about the EOR performance of ternary Pt/Rh/Sn(Ox) catalysts with 
enhanced activity and selectivity179-181. Here we report the synthesis of novel Pt/Rh/Sn 
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nanomaterial with various morphology and composition, the investigation of their 
catalytic performance toward alcohol electro-oxidation, and the assessment of their 
product selectivity with our novel GC-MS approach. In this work, Pt/Rh/Sn alloy and Pt-
Rh-Sn heterodimer were synthesized. Figure 7.1.1 illustrates the structure of the novel 
nanomaterials. Their enhanced activity toward EOR were demonstrated. Their selectivity 
toward CO2, however, exhibited no noticeable enhancement compared to Pt. 
 
Figure 7.1.1 Illustration of designed structures of Pt/Rh/Sn nanomaterials 
7.2 Experimental Method 
Materials 
Tin Sulfate (>95%, Sigma), polyvinylpyrrolidone (PVP, MW 8000, Alfa Aesar), Sodium 






chloride (98%, alfa aear), 1-octadecene (90%, Alfa Aesar), dodecylamine (98%, Acros 
Organic), 1,2-hexadecanediol (90%, Aldrich), oleylamine (70%, Sigma), oleic acid (90%, 
Aldrich), platinum tetrachloride (Acros Organic), tin(II) chloride (Strem Chemicals), 
borane tert-butylamine complex (Sigma) and perchloric acid (70%, 99.999% trace metal 
basis from Sigma) were purchased and used as received. 
 
Pt/Rh/Sn nanoparticle synthesis 
3nm Pt2.7Rh0.7Sn nanoparticles were synthesized in a novel method. 9ml of 
oleylamine and 0.4ml of oleic acid was heated to 140 °C. At this temperature the solution 
was evacuated for 10 minutes before purged with argon for another 10 minutes. Then 
vacuum and argon flow was repeated twice before the solution was cooled down to 50 °C. 
600mg of borane tert-butylamine complex was added into solution. After 10 minutes of 
stirring at 50 °C the solution was heated to 120 °C when a mixture of 0.6mmol PtCl4, 
0.2mmol of RhCl3, 0.2mmol SnCl2 and 1.5ml of ethanol was quickly injected. The dark 
brown solution was kept at 120 °C for 20 minutes before cooling down to room 
temperature. The product was precipitated by adding ethanol and centrifuging at 4,000 
rpm for 5 minutes. After the sediment was dispersed in toluene, it was centrifuged again 
with ethanol at 4,000 rpm for 5 minutes. Final product was dispersed in toluene for 
storage and further usage. 
3nm Pt2.7Rh1.3Sn was synthesized in a similar protocol to 3nm Pt2.7Rh0.7Sn except 
the injection solution consisted of 0.6mmol PtCl4, 0.4mmol of RhCl3, 0.2mmol SnCl2 and 




Sn seed synthesis 
Tin seed nanoparticles could be grown in aqueous or organic solvent. Aqueous 
solution method was modified from reported synthetic protocol113. Briefly, 0.4 mmol 
SnSO4, 50 mg PVP (MW 8,000) were dissolved in 10 ml de-ionized water. Then 200 mg 
NaBH4 dissolved in 10 ml water was slowly poured into the SnSO4 and PVP solution. 
The mixture was stirred in ambient air at room temperature for 2 hours. Product was 
collected by centrifugation at 10,000 rpm for 20 minutes. The brown sediment was re-
dispersed in de-ionized water and centrifuged again at 10,000 rpm for 20 minutes twice 
to wash off extra PVPs. Acquired product was dispersed in ethanol for further use and 
storage. Sn seed could also be synthesized in organic solvent with a novel method. In this 
method, 9 ml of oleylamine and 0.4 ml of oleic acid was heated to 140 – 160 °C and 
evacuated for 10 minutes in round bottom flask. Then the reaction container was purged 
with argon for 10 minutes. The evacuation and purge was repeated twice to remove 
impurities in solvent. The yellow solvent was then cooled down to 50 °C when the flask 
was opened and 300 mg of BTB was added. When all BTB dissolved, 0.2 mmol of SnCl2 
was added into solution. The mixture was quickly heated to 120 °C and was held at there 
for 5 minutes before cooling down to room temperature. The product was acquired by 
centrifugation with ethanol added and washed with ethanol for remove excess amount of 
oleylamine. 
 
Pt-Rh-Sn heterodimer synthesis 
Platinum and rhodium was grown onto Sn seed via galvanic replacement. For a 
typical synthesis of Pt0.35Rh0.83Sn heterodimer, 30 mg of the above Sn nanoparticles were 
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dispersed in 23 ml of ethanol and heated to 65 °C under inert atmosphere. Then 26.3 mg 
of RhCl3 dissolved in 1 ml of ethanol was injected dropwise into the Sn dispersion. The 
solution was kept at 65 °C for 1 hour after injection of RhCl3. Then 28.3 mg of PtCl2 
dissolved in 1 ml of ethanol was injected dropwise. The solution was kepted at 65 °C 
again for 1 hour after injection of PtCl2. The molar ratio of Sn:Rh:Pt was controlled to be 
6:3:2. The product was acquired by centrifugation at 10,000 rpm for 5 minutes. The 
product was then washed by water twice to remove excess amount of metal chloride salts. 
After washing, product was dispersed in ethanol for further use and storage. Precise 
Pt:Rh:Sn molar ratio were determined by ICP-MS. 
For a typical synthesis of Pt1.06Rh0.06Sn heterodimer, 30 mg of the above Sn 
nanoparticles were dispersed in 23 ml of ethanol and heated to 65 °C under inert 
atmosphere. Then 28.3 mg of PtCl2 dissolved in 1 ml of ethanol was injected dropwise 
into the Sn dispersion. The solution was kept at 65 °C for 1 hour after injection of PtCl2. 
Then 26.3 mg of RhCl3 dissolved in 1 ml of ethanol was injected dropwise. The solution 
was kepted at 65 °C again for 1 hour after injection of RhCl3. The molar ratio of Sn:Rh:Pt 
was controlled to be 6:3:2. The product was acquired by centrifugation at 10,000 rpm for 
5 minutes. The product was then washed by water twice to remove excess amount of 
metal chloride salts. After washing, product was dispersed in ethanol for further use and 
storage. Precise Pt:Rh:Sn molar ratio were determined by ICP-MS. 
For a typical synthesis of Pt0.43Rh0.14Sn heterodimer, 30 mg of the above Sn nanoparticles 
were dispersed in 23 ml of ethanol and heated to 65 °C under inert atmosphere. Then 
14.2 mg of PtCl4 and 8.8mg of RhCl3 dissolved in 1 ml of ethanol was injected dropwise 
into the Sn dispersion. The solution was kept at 65 °C for 1 hour after injection of PtCl4 
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and RhCl3. The molar ratio of Sn:Rh:Pt was controlled to be 6:1:1. The product was 
acquired by centrifugation at 10,000 rpm for 5 minutes. The product was then washed by 
water twice to remove excess amount of metal chloride salts. After washing, product was 
dispersed in ethanol for further use and storage. Precise Pt:Rh:Sn molar ratio were 
determined by ICP-MS. 
 
Catalyst Preparation 
The catalyst preparation process for Pt/Rh/Sn alloys and Pt-Rh-Sn heterodimers 
was similar to Pt/Sn alloys. The as-synthesized Pt/Rh/Sn alloys and Pt-Rh-Sn 
heterodimers dispersed in ethanol were mixed with carbon black (Ketjenblack, ~900 
m2/g) in a roughly 2:1 mass ratio. After ultra-sonication for 30 minutes the suspension 
was centrifuged at 10,000 rpm for 5 minutes. To wash away more organic surfactants on 
the surface of nanoparticles the sediment was re-dispersed in hexane by sonication and 
centrifuged at 6,000 rpm for 3 minutes. Then the sediment was dispersed in hexane again 
and dried out in air at 80 °C before being annealed at 185 °C in air overnight. Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) was conducted to determine the precise 
loading of Pt, Rh and Sn in catalyst. 
 
Characterization 
Characterization methods were similar to Pt/Sn alloys. Transmission Electron 
Microscopy (TEM) images were acquired on an FEI Tecnai 12 microscope operating at 
100 kV. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). 
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Energy-dispersive X-ray spectroscopy (EDX) was acquired on a JEOL JSM-6700F Field 
Emission Scanning Electron Microscope. X-ray Photoelectron Spectroscopy (XPS) 
measurements were done on a PHI 5600 Multi-technique photoelectron spectrometer 
using a Mg Kα X-ray source. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
was collected with a PerkinElmer Elan DRC II Quadrupole. Nuclear Magnetic Resonance 
(NMR) was conducted using a Bruker Fourier 300 MHz spectrometer. 
 
Electrochemistry test on Rotating Disk Electrode (RDE) 
The EOR activities were measured with same method as Pt/Sn alloys. 5mm glassy 
carbon rotation disk electrode (RDE) with a Metrohm PGSTAT302N potentiostat was 
implemented. The reference electrode was an Ag/AgCl electrode and the counter 
electrode was a Pt wire. For electrode preparation the annealed catalyst was dispersed in 
10% IPA and 0.025% Nafion aqueous solution at 1mg/ml. The mixture was sonicated 
shortly to allow formation of uniform ink. Then 20ul of ink was dropped onto the surface 
of glassy carbon RDE and was dried in air. Figure 1.4.1b chapter 1 is a photo of typical 
electrochemistry measurement set up. All current density were normalized by mass of 
Pt+Rh acquired from ICP. All potentials discussed were presented against the reversible 
hydrogen electrode (RHE). 
 
Gas Product Analysis via GC-MS 
The selectivity was measured in identical method to Pt/Sn alloy. A 2cm by 2cm 
glassy carbon disk was used as working electrode and 1.5ml-2ml of catalyst ink was 
dropped onto the center and dried in air. Helium was purged into the anodic compartment 
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(directly connected to GC-MS) at 10sccm. Gas phase products were analyzed by a 
GCMS-QP2010SE (Shimadzu) installed a Plot-Q column (Restek). Each potential was 
applied and hold for 30 minutes. Liquid products were identified and quantified by NMR. 
All potentials discussed were presented against the reversible hydrogen electrode (RHE). 
Figure 2.2.2 chapter 2 is experimental set up of novel electrolysis cell and GC-MS 
adopted. The faradaic efficiency of CO2 was calculated with equation below: 
𝑛𝑛𝑛𝑛𝐶𝐶𝑂𝑂2(%) =
𝐶𝐶𝑂𝑂2 𝑐𝑐𝑏𝑏𝑛𝑛𝑐𝑐𝐴𝐴𝑛𝑛𝑡𝑡𝑐𝑐𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 (𝐴𝐴𝐴𝐴𝑝𝑝)





Here n is electron transfer number with n=6 for EOR and n=5 for EGO. F is faraday 
constant 96485 C/mol, P is pressure in bar, R is ideal gas constant 0.08314 L∙bar/(K∙mol), 
T is temperature in K. 
 
Liquid product analysis via Nuclear Magnetic Resonance (NMR) 
A Bruker Advance 300 MHz NMR was implemented to analyze liquid product. 
Deuterium oxide was added to make solvent 90% H2O and 10% D2O. Typically, 
electrolyte after 30 minutes of amperometry was stored in 2 ml centrifuge vial. 665 ul of 
electrolyte pending analysis will be added into NMR tube together with 70 ul of 5mM 
dimethyl sulfide (DMSO)/D2O solution. The NMR tubes were then measured. Figure 
2.2.3 chapter 2 are sample NMR spectra of electrolyte after EOR. The concentration of 
acetic acid was quantified with relative CH3 peak area compared to DMSO peak area via 
external calibration curve. Figure 2.2.4 chapter 2 is a sample calibration curve of peak 




𝑎𝑎𝑐𝑐𝐴𝐴𝑡𝑡𝑖𝑖𝑐𝑐 𝑎𝑎𝑐𝑐𝑖𝑖𝑑𝑑 𝑐𝑐𝑏𝑏𝑛𝑛𝑐𝑐𝐴𝐴𝑛𝑛𝑡𝑡𝑐𝑐𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 (𝑀𝑀) × 𝑣𝑣𝑏𝑏𝑅𝑅𝑐𝑐𝑝𝑝𝐴𝐴 (𝐿𝐿)
𝑐𝑐𝐴𝐴𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 𝑡𝑡𝑖𝑖𝑝𝑝𝐴𝐴 (𝑣𝑣) × 𝑛𝑛𝑛𝑛
𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡
× 100 
Here electron transfer number is 4. 
7.3 Material Characterization 
 









Figure 7.3.1 summarizes the characterization results of Pt/Rh/Sn alloy. Both Pt2.7Rh0.7Sn 
and Pt2.7Rh1.3Sn are 3 nm spheres. Their XRD pattern reveals the peaks of Pt without 
peaks attributed to Rh or Sn. This is due to high crystallinity of Pt and low crystallinity of 
Rh and Sn. The XRD pattern also reveals that Pt are randomly alloyed with Rh and Sn 
because there is no intermetallic peak. 
 
Figure 7.3.2. TEM images of (a) Sn seed, (b) Pt0.35Rh0.83Sn heterodimer, (c) 















Pt-Rh-Sn heterodimers were also successfully synthesized. Figure 7.3.2 shows the 
morphology of Sn seeds and three representative Pt-Rh-Sn heterodimers. Pt0.35Rh0.83Sn is 
a typical heterodimer with Rh more than Pt. Pt1.06Rh0.06Sn is a typical heterodimer with Pt 
more than Rh. Both of the above heterodimers possess the morphology of small 
nanoparticles or cluster attach to Sn seeds. Pt0.43Rh0.14Sn-h is a representative 
heterodimers with small clusters attach to hollow Sn or alloyed nanoparticles. The 
formation of hollow nanoparticle is due to mechanism similar to Kirkendall effect35, 182. 
As is illustrated in Figure 7.3.3, the atoms at inner layers of nanoparticles diffuse out at 
faster rate than outer layer atoms toward inside, thus void in center is formed. 
 
Figure 7.3.3. Schematic illustration of hollow nanoparticle formation. 
The XRD patterns of the synthesized material are summarized in Figure 7.3.4. 
Pt0.35Rh0.83Sn exhibit weak Pt pattern, indicating formation of Pt crystals only after 
galvanic replacement. Sn and Rh exist in amorphous form in Pt0.35Rh0.83Sn heterodimers. 
Pt1.06Rh0.06Sn exhibit peaks that could be attributed to (100), (101) and (102) facets of 
PtSn and (220) facet of PtSn2. Indicating its crystal structure is a mixture of PtSn and 
PtSn2, which is reasonable considering its Pt/Sn composition. Pt0.43Rh0.14Sn-h hollow 





attributed to different orientation of lattice fringes in shells---the lattices cancel out X-ray 
diffraction of each other and exhibit no total diffraction signal. 
 
Figure 7.3.4. XRD patterns of Sn seed and various Pt-Rh-Sn heterodimers. 
7.4 Catalytic performance for alcohol electro-oxidation 
The catalytic performance toward EOR was evaluated for Pt/Rh/Sn alloys and Pt-Rh-Sn 
heterodimers. All of these ternary nanomaterials exhibited enhanced EOR activity 
119 
 
compared to pure platinum. This confirms the promotion effect of Rh reported by 
previous investigations79, 179-180. 
 
Figure 7.4.1. (a) Voltammogram and (b) CO stripping pattern of Pt2.7Rh0.7Sn, 
Pt2.7Rh1.3Sn and Pt in 0.1M HClO4. (c) positive cyclic voltammetry scan and (d) average 
chrono amperometry current density in 0.1M HClO4 + 0.1M ethanol 
Figure 7.4.1 summarizes the electrocatalytic behavior of Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn. As 
is shown in Figure 7.4.1a, both Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn shows Hupd peak between 
0.05 V to 0.35 V that could be attributed to Pt and Rh. The Hupd peak of Pt2.7Rh1.3Sn is 
slightly larger than Pt2.7Rh0.7Sn, which is likely due to more Rh composition resulted in 
more Rh on surface. Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn exhibited OH adsorption peak almost at 





























































































same position with same area, indicating similar structure and configuration of Sn on 
surface. Their OH adsorption peak is about 120 mV lower than that of Pt due to easier 
OHads adsorption on surface induced by Sn. The CO stripping pattern of Pt/Rh/Sn alloy 
exhibited one major peak at 0.7 V and one shoulder peak at 0.5 V. The peak intensity of 
shoulder peak is ca. half of major peak. Both peaks exhibit lower peak potential than that 
of pure Pt (0.85 V), indicating stronger ability of oxidizing COads. It’s worth mentioning 
that this pattern is different from Pt/Sn alloys, which has much lower peak intensity. This 
difference is induced by addition of Rh element and could be attributed to two reasons 
below: i) the existence of Rh decreased the number of Sn on surface so the blocking 
effect of Sn is limited, more Pt sites exposed, ii) Rh possess intrinsic CO adsorption and 
oxidation property. Figure 7.4.1c and d summarizes the EOR performance of Pt/Rh/Sn 
alloys. The positive cyclic voltammetry scan is shown in Figure 7.4.1c. Both Pt2.7Rh0.7Sn 
and Pt2.7Rh1.3Sn exhibited an ethanol oxidation peak as low as ~0.48 V, indicating 
significantly enhanced EOR performance. Their other major peak is located at ~0.75 V 
which is still lower than the only peak of pure platinum (~0.88 V). In addition to peak 
position, Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn alloys also exhibited rather high peak intensity, 
with their major peak current density 90 % and 109 % of pure Pt respectively even 
normalized by the mass of Pt+Rh. It’s also worth mentioning that the shoulder peak of 
Pt2.7Rh0.7Sn possessed 80 % current density of Pt peak, which was also rather high. The 
average current density during 30 minutes amperometry summarized in Figure 7.4.1d 
provides a more accurate evaluation of EOR activity. Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn alloys 
exhibited higher current density than pure Pt at all potentials, reaching 44 and 35 times 
current density of Pt at 0.45 V, ~8 times of Pt at 0.55 V, ~4 times of Pt at 0.65 V and ~ 2 
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times at 0.75 V. Therefore the EOR activity of Pt/Rh/Sn alloy is significantly enhanced 
compared to pure Pt. The enhancement could be attributed to synergy between Rh and Sn 
introduced in Chapter 7.1. Briefly, Rh assist with C-C bond breaking and beta 
dehydrogenation while Sn alleviate COads and CHx,ads poisoning174, 178. To examine the 
intrinsic EOR activity of Rh, Rh nanoparticles were synthesized and their EOR 
performance was investigated. As is shown in Figure 7.4.2, Rh nanoparticles possess no 
EOR activity by themselves. Therefore the enhancement of Pt/Rh/Sn alloy EOR activity 
is a result of synergistic effect between Pt, Rh and Sn. 
 
Figure 7.4.2. (a) TEM image of synthesized Rh/C catalyst. (b) cyclic voltammetry curve 
of Rh/C in 0.1M HClO4 and 0.1M HClO4 + 0.1M ethanol 
It’s also worth mentioning that the difference of Rh amount in Pt2.7Rh0.7Sn and 
Pt2.7Rh1.3Sn affected their surface properties. Pt2.7Rh1.3Sn exhibited slightly larger surface 
area and lower EOR activity. The surface property of Pt/Rh/Sn alloys changed more 
similar to Pt after EOR, indicated by the Hupd reagion in voltammogram and higher peak 






Figure 7.4.3. (a) voltammogram and (b) CO stripping pattern of Pt2.7Rh0.7Sn and 
Pt2.7Rh1.3Sn after ethanol oxidation reaction. 
The surface property and catalytic performance of Pt-Rh-Sn heterodimers were also 
investigated. Figure 7.4.4 summarizes their surface properties. 
 
Figure 7.4.4. (a) Voltammogram and (b) CO stripping pattern of various Pt-Rh-Sn 
heterodimers in 0.1M HClO4.  
Figure 7.4.4a shows the voltammogram of various Pt-Rh-Sn heterodimers. All Pt-Rh-Sn 
heterodimers exhibited no Hupd peak regardless of compositions. They possessed OH 
adsorption peak centered at 0.7 V – 0.8 V. The voltammogram shows no Pt or Rh signal 
which could be attributed to two reasons: i) Sn is the only element existing on surface 





























































































and/or ii) Sn is blocking proton adsorption on surface Pt and Rh. It’s also worth 
mentioning that the OH desorption peaks of Pt-Rh-Sn heterodimers were centered at 0.2 
V – 0.3 V, which was much lower than those observed in Pt/Sn alloy and Pt-Sn 
heterodimers (~0.5 V). This could be attributed to the synergy of Rh and Sn increased 
OH affinity on surface and made them hard to desorb. The capacitance current of 
Pt0.35Rh0.83Sn is significantly larger than the other two (see table 7.4.1, calculated by 
𝑃𝑃𝑡𝑡+𝑅𝑅ℎ 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 𝑝𝑝𝑟𝑟𝑟𝑟 𝑚𝑚𝑜𝑜𝑡𝑡𝑟𝑟𝑐𝑐𝑚𝑚𝑡𝑡𝑟𝑟
𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡 𝑚𝑚𝑜𝑜𝑡𝑡𝑟𝑟𝑐𝑐𝑚𝑚𝑡𝑡𝑎𝑎𝑟𝑟 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠
), this could be attributed to its relative lower Pt+Rh relative mass 
in heterodimers according to composition. Pt0.43Rh0.14Sn-h, however, had lowest Pt+Rh 
relative mass yet exhibited lowest capacitance current. This is likely due to larger cluster 
size of hollow nanoparticles. The CO stripping pattern of Pt-Rh-Sn heterodimers 
possessed only one peak centered at 0.75 V – 0.8 V. Although the CO stripping patterns 
look similar to voltammogram, they possess higher peak that could be attributed to CO 
oxidation if compared to voltammogram.  
Table 7.4.1 Relative Pt+Rh mass in Pt-Rh-Sn heterodimers 





This peak position is slightly lower than pure Pt, indicating stronger ability of oxidizing 
COads. However, the lack of secondary peak ~0.45 V is different from all previously 
investigated materials. This is likely due to various Pt and Rh sites exhibit CO oxidation 
peaks all from 0.3 V to 1.1 V and all oxidation signals are connected together. Therefore 
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no separate peaks were observed. The Pt-Rh-Sn heterodimers also exhibited interesting 
phenomena: no EOR activity could be observed at all with pristine catalysts. As is shown 
in Figure 7.4.5, all three Pt-Rh-Sn heterodimers exhibit no or tiny EOR activity since 
their cyclic voltammetry curve in 0.1M HClO4 + 0.1M ethanol is just slightly higher or 
same as voltammogram in 0.1M HClO4. Combining the results from voltammogram and 
CO stripping, it is reasonable to hypothesize that catalyst surface are occupied by Rh and 
Sn, while Pt all diffused into inner layers of heterodimer during galvanic replacement. In 
order to migrate Pt atoms onto catalyst surface and reveal EOR activity, scanning in CO 
saturated electrolyte (so called CO annealing166) was first conducted. CO annealing 
successfully exposed Pt sites in Pt1.06Rh0.06Sn to surface and revealed its EOR activity. 
However, for the other two Pt-Rh-Sn with less Pt relative content, CO annealing was not 
sufficient and KOH treatment had to be implemented. After 10 scans in 0.1M KOH a 
significant portion of surface Sn was dissolved and sufficient Pt sites were exposed, 
Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn-h revealed EOR activity.  
 
Figure 7.4.5. Positive cyclic voltammetry scan in 0.1M HClO4 + 0.1M ethanol and 
comparison with voltammogram in 0.1M HClO4 























Table 7.4.2 Pt-Rh-Sn composition after treatment 





Table 7.4.2 summarizes the composition of Pt-Rh-Sn heterodimers after treatment. 
Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn-h both experienced Sn loss of 68% and 49%. Figure 
7.4.6 shows the TEM images of Pt-Rh-Sn heterodimers after treatment. Pt1.06Rh0.06Sn 
exhibited no significant morphology change while Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn-h 
showed nanoparticle detach from heterodimer matrix. In addition, Pt0.43Rh0.14Sn-h lost its 
hollow sphere morphology likely due to collapse of hollow structure induced by leaching 





Figure 7.4.6. TEM images of (a) Pt0.35Rh0.83Sn, (b) Pt1.06Rh0.06Sn and (c) Pt0.43Rh0.14Sn-h 
catalysts after treatment. 
Figure 7.4.7 summarizes the surface property and EOR catalytic performance of treated 
Pt-Rh-Sn heterodimers. All Pt-Rh-Sn heterodimers exhibited voltammogram consisting 
of Hupd  and OH adsorption region as is shown in Figure 7.4.7a. The Hupd region could 









synergy between Pt, Rh and Sn. Pt0.35Rh0.83Sn exhibited lowest peak position (0.63 V) of 
OH adsorption region, this is likely due to the high relative Rh content induced 
voltammogram similar to Rh183. Pt1.06Rh0.06Sn and Pt0.43Rh0.14Sn-h exhibited OH 
adsorption peak maximized at 0.75 V, similar to that of Pt/Sn and Pt/Rh/Sn alloys. 
Pt1.06Rh0.06Sn exhibited higher OH adsorption peak than Pt0.43Rh0.14Sn-h because it 
consisted more Sn after treatment. Figure 4.4.8b presents the CO stripping pattern of 
three Pt-Rh-Sn heterodimers after KOH/CO treatment. The CO oxidation pattern of Pt-
Rh-Sn heterodimers could be divided into three peaks centered at ~ 0.45 V, ~ 0.65 V and 
~0.8 V respectively. The lower two peaks could likely be attributed to Sn coordinated Pt 
and Rh116, 184. Pt1.06Rh0.06Sn exhibit CO stripping peak onset potential at 0.2 V, which is ~ 
100 mV lower than the other two. This is likely due to higher relative Sn content in 




Figure 7.4.7. (a) Voltammogram and (b) CO stripping pattern of various Pt-Rh-Sn 
heterodimers after treatment in 0.1M HClO4. (c) positive cyclic voltammetry scan and (d) 
average current density during 30 minutes amperometry in 0.1M HClO4 + 0.1M ethanol. 
The EOR activity of Pt-Rh-Sn heterodimers were investigated. As is shown in Figure 
7.4.7c, Pt-Rh-Sn heterodimers exhibit lower onset potential (~0.3 V) and shoulder peak 
(0.4 – 0.6 V), indicating their enhanced EOR activity compared to Pt. Figure 7.4.7d 
further demonstrated their enhanced EOR activity under steady state environment. All 
three Pt-Rh-Sn heterodimers exhibited current density 4.3, 6.1, 17.5 times of Pt at 0.45 V 
and 3.1, 1.1, 6.1 times of Pt at 0.55 V. Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn-h further exhibited 
superior activity than Pt at 0.65 V. The enhanced activity could be attributed to synergy 
between Pt, Rh and Sn as is discussed for Pt/Rh/Sn alloys. Among the three Pt-Rh-Sn 































































































heterodimers, Pt0.43Rh0.14Sn-h exhibited highest activity, followed by Pt0.35Rh0.83Sn. The 
high activity could be attributed to the appropriate portion of Rh and Sn, providing Rh 
and Sn to facilitate reaction rate on Pt sites while leaving sufficient Pt ensemble for EOR. 
7.5 Product selectivity 
 The product selectivity of Pt/Rh/Sn alloys and Pt-Rh-Sn heterodimers were investigated. 
 
Figure 7.5.1. (a) CO2 and (b) acetic acid faradaic efficiency during EOR catalyzed with 
Pt/Rh/Sn alloys 
Figure 7.5.1 summarizes the product selectivity of Pt/Rh/Sn alloys during EOR. Both 
Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn exhibited overall low CO2 selectivity. Their CO2 faradaic 
efficiencies are 2.3% and 1.8% at 0.55 V, 1.4% and 1.7% at 0.65 V, all slightly lower 
than 6nm Pt. Pt2.7Rh0.7Sn continued to show lower CO2 selectivity than Pt at higher 
potentials, while Pt2.7Rh1.3Sn exhibited CO2 faradaic efficiency slightly higher than Pt at 
0.75 V and 0.85 V. Both Pt/Rh/Sn alloys exhibited rather high acetic acid faradaic 
efficiency, with Pt2.7Rh0.7Sn between 68% to 88% and Pt2.7Rh1.3Sn decreasing from 89% 
to 63%. The above results indicate that Pt/Rh/Sn alloys favors C2 product pathway much 
more than C1 product pathway. The CO2 selectivity during Ethylene Glycol Oxidation 
(EGO) was also investigated and the results were presented in Figure 7.5.2. 








































Figure 7.5.2. CO2 faradaic efficiency of Pt/Rh/Sn alloys during ethylene glycol oxidation. 
Both Pt/Rh/Sn alloys still exhibited rather low CO2 selectivity. Pt2.7Rh0.7Sn showed CO2 
faradaic efficiency stable between 2.1% to 2.8%. Pt2.7Rh1.3Sn started from 1% at 0.55 V 
and reached maximum at 2.6% at 0.75 V. Their CO2 faradaic efficiency is slightly higher 
than Pt at 0.55 V and lower than Pt as potential increases.  
 
Figure 7.5.3. (a) CO2 and (b) acetic acid faradaic efficiency of Pt-Rh-Sn heterodimers 
during EOR. 
The product selectivity of Pt-Rh-Sn heterodimers were also investigated. Pt1.06Rh0.06Sn 
exhibited enhanced CO2 selectivity compared to Pt, with faradaic efficiency of 8% at 























































0.55V and around 4% between 0.65 V and 0.85 V. The CO2 faradaic efficiency of the 
other two heterodimers were around 2%, similar to that of Pt. The enhanced CO2 
selectivity of Pt1.06Rh0.06Sn could be attributed to the synergy between Pt, Rh and Sn.  
Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn lost significant portion of Sn during KOH treatment 
therefore the synergistic effect was lost. 
7.6 Conclusion 
 Various Pt/Rh/Sn alloys and Pt-Rh-Sn heterodimers were successfully synthesized. 
According to characterization of XRD, 3nm Pt2.7Rh0.7Sn and Pt2.7Rh1.3Sn possessed 
crystal structure of Pt and Pt-Rh-Sn exhibited crystal structure of Pt, Pt/Sn alloy or 
amorphous. Pt/Rh/Sn alloys exhibited significantly enhanced EOR activity compared to 
Pt. Pristine Pt-Rh-Sn heterodimers possess no EOR activity and requires CO annealing or 
KOH treatment to reveal activity. Pt/Rh/Sn alloys exhibit no enhancement in CO2 
selectivity likely due to lack of synergistic effect in such small size particles. 
Pt1.06Rh0.06Sn exhibited enhanced CO2 selectivity than Pt and the enhancement could be 
attributed to the synergy between Pt, Rh and Sn. No CO2 selectivity enhancement was 
observed for Pt0.35Rh0.83Sn and Pt0.43Rh0.14Sn and this could likely be attributed to their 
composition is inappropriate for C1 product pathway.   
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Chapter 8. Electrocatalytic Oxidation of Glycerol 
on Platinum 
Adapted with permission of Liu,Y. et al. J. Phys. Chem. C, 2019, 123, 1, 426-432 
8.1 Introduction 
Glycerol is conventionally used in the food industry as a sweetener or humectant. It is 
also a byproduct of biodiesel from the transesterification process.185-186 The fast-growing 
biodiesel industry over the recent years has resulted in a high surplus of glycerol, owing 
to the generation of ~1 kg of glycerol per 10 kg of biodiesel produced.187 In many 
biodiesel plants, glycerol is treated merely as a waste stream, burned without producing 
any additional value.188 Consequently, it is necessary to find alternative applications of 
glycerol, by either converting it into more valuable chemicals or harvesting the energy to 
produce hydrogen or electricity.189  
Prior efforts to utilize glycerol have primarily focused on chemical 
conversions.187, 189-191 Besides conventional thermal catalysis approaches, electrochemical 
methods have also been investigated for transformation reactions.192-195 However, the 
electro-oxidation of glycerol to extract out the energy as electricity has received less 
attention.196-199 The complete oxidation of glycerol to CO2 delivers 14 electrons per 
molecule at an equilibrium potential of −0.01 V (versus the standard hydrogen electrode, 
SHE; see the section 8.5 for the thermodynamic calculations), giving rise to a high energy 
density of 6.4 kWh/L. This process is challenged by the lack of efficient electrocatalysts 
for the complete oxidation of glycerol. Pt is the most studied electrocatalyst for the 
glycerol oxidation reaction (GOR), but partially oxidized C2 and C3 compounds (oxalic 
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acid, glyceric acid, glyceraldehyde, dihydroxyacetone, glycolic acid, etc.) are commonly 
found to dominate the products.193, 200-203 Nevertheless, CO2 has been detected at 
potentials above 0.6 V in previous in situ infrared spectroscopic studies.200 It has been 
proposed that CO2 could be formed via two different pathways: at low potentials (<0.6 V), 
CO2 is generated through oxidation of *CO (* denotes an adsorption site on the catalyst 
surface) resulting from C-C bond cleavage; at high potentials (>1.1 V), CO2 can be 
formed by the direct interaction between adsorbed glycerol and *OH.196 Meanwhile, 
alternative electrocatalysts to Pt have also been extensively studied for improved kinetics 
of GOR, including Pd,204-205 bimetallics such as Pt-Ru and Pt-Rh,206 Pt-Bi207 and Pt-Sb208, 
and more sophisticated systems such as Rh-doped Pt-Ir-Ox,209 but CO2 is still commonly 
found to be a minor product on these catalysts. It is noticed that most of these studies 
employ infrared spectroscopy (IR) for the detection of CO2 and/or *CO. As a linear 
spectroscopy technique, IR detects molecules both within the electrolyte and adsorbed on 
the electrodes, which is usually complicated by the mixing of signals from reaction 
intermediates and products.  
Here, we report the investigation of glycerol electro-oxidation on Pt by combining 
surface-specific spectroelectrochemical and product-resolved electrocatalytic studies. We 
first examined the GOR on polycrystalline platinum (Pt-poly) electrodes, where sum 
frequency generation (SFG) spectroscopy was used to track the potential-dependent 
adsorption of *CO – the key reaction intermediate for the complete oxidation of glycerol. 
Further, we performed product-resolved electrocatalytic studies on high-surface-area 
platinum/carbon (Pt/C) electrocatalysts and used gas chromatography-mass spectrometry 
(GC-MS) to analyze the product distributions under potentiostatic conditions. We also 
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conducted comparative studies on isotopically labeled glycerol (HO12CH2-13CH(OH)-
12CH2OH) to gain further insights into the mechanism of C-C bond cleavage and the 
complete oxidation pathways for glycerol. 
8.2 Experimental Methods 
8.2.1 Materials and characterization 
Glycerol (>99%) and perchloric acid were purchased from Sigma Aldrich. Commercial 
Pt/C catalyst was obtained from Tanaka Inc. TEM images were collected with a 120 kV 
FEI Tecnai-12 TWIN microscope operating at 100 kV. 
The Pt-poly electrode was prepared by melting Pt pellets (purchased from Kurt J. 
Lesker) and casting into an ingot of 5 mm in diameter, 5 mm in height. A Pt wire was 
attached to its bottom side via laser welding. The Pt ingot and wire was then inserted into 
a PEEK sleeve (with a through hole in the center) and polished to mirror finish before it 
was used as the working electrode. The working electrode was connected to a potentiostat 
by clamping the Pt wire. The electrode was subjected to potential scans in Ar-saturated 
0.1 M HClO4 before each spectroscopic measurement until the voltammogram becomes 
stable. 
8.2.2 SFG measurements 
SFG measurements were conducted with a home-built spectro-electrochemical cell (see 
Figure 8.2.1) designed according to a previous report.210 A Pt wire and Hg/HgSO4 were 
used as counter and reference electrodes respectively. The polycrystalline Pt electrode 
was covered with a CaF2 window. The distance between Pt surface and the window was 
controlled to be 12 micrometers using a Teflon spacer (purchased from Harrick 
Corporation). Spectra were collected in the range of 1950 cm-1 to 2150 cm-1 at steady 
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potentials from 0.05 V to 0.8 V. The potential was applied using a Metrohm 
PGSTAT302N potentiostat and was held constant at each point for 3 minutes. All spectra 
were collected in PPP configuration, which means that the plane of incidence of the 
generated SFG beam, visible and IR beam are all parallel to electric field vector. Peaks in 
the SFG spectra were fitted using a Lorentzian function211-213 and the peak intensities are 
reported based on the fitting results. 
 
Figure 8.2.1. (a) Schematics, and (b) photo of the electrochemical cell. (c) Photo of the 
experimental setup for the spectro-electrochemical study. 
5.2.3 Electrochemical studies 
0.1 M of HClO4 was used as the electrolyte throughout this study. Three-electrode 
measurements were conducted with a Pt wire as the counter electrode and Ag/AgCl as the 
reference electrode. All measurements were conducted with iR compensation. A 
136 
 
commercial Pt/C catalyst was dispersed in aqueous solution containing 10% isopropanol 
and 0.05% weight of Nafion at a concentration of 1 mg/ml. Pt/C loading on rotating disk 
electrodes was controlled to be ~0.04 mgPt/cm2disk. Cyclic voltammogram, CO stripping 
and GOR polarization curves were all recorded with a scan rate of 50 mV/s. 
 CO2 selectivity was measured using a gas-tight electrolysis cell connected to GC-
MS.114 A piece of glassy carbon plate (2×2 cm) was used as the working electrode. One 
milliliter of Pt/C catalyst ink was drop cast onto the glassy carbon plate and allowed to 
dry out. Pt mesh and Hg/HgSO4 were used as the counter and reference electrode, 
respectively. During the measurements, the electrode was held at a given potential with a 
He flow (10 mL/min) continuously passing through the working electrode compartment. 
A gas chromatograph equipped with a mass spectrometer (GC – MS, Shimadzu 
QP2010SE) was used to analyze the gas-phase products periodically. 
8.3 Results and discussion 
Figure 8.3.1a shows the cyclic voltammogram (CV) and CO stripping pattern recorded on 
the Pt-poly electrode in 0.1 M of HClO4. We observed that the blank CV exhibits 
hydrogen underpotential deposition (Hupd) peaks at E < 0.4 V and hydroxyl adsorption at 
0.8 – 1.1 V, with a capacitive double-layer region located in between. We can assign the 
pronounced peak at ~0.8 V in the cathodic scan to the reduction of surface oxides and the 
desorption of *OH.214 We observed that the CO stripping profile exhibits a double-peak 
feature at 0.74 and 0.77 V (Figure 8.3.1a), which can be assigned to the oxidation of *CO 
on various types of Pt sites, including low-index facets and stepped surfaces.215-217 We 
also observed a weak shoulder peak around ~0.5 V, attributable to the pre-oxidation of 
*CO on defect sites.125, 218 
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 With glycerol added into the electrolyte, the measured voltammogram exhibits 
anodic peaks in both the positive and negative scans, which can be associated with the 
GOR (Figure 8.3.1b). Albeit being substantially suppressed, we can still discern Hupd 
features at E < 0.3 V. We noticed that the anodic peaks experienced a gradual increase in 
intensity during the first several scans and became stable after about 10 scans, whereas 
we observed no significant changes for the Hupd region during this process. By comparing 
the voltammogram to the blank CV, we determined the onset of GOR to be at ca. 0.4 V in 
the positive scan. After it became stable, the voltammogram exhibits the first anodic peak 
at 0.55 V with a current density of 0.11 mA/cm2 and the second peak at 0.80 V with the 
peak current density reaching 0.39 mA/cm2 in the positive scan, with the latter also 
associated with a shoulder feature at 0.74 V (Figure 8.3.1b). Anodic features associated 
with the GOR are also present in the negative scan, but only with one broad peak 
spreading from ca. 0.9 to 0.4 V. The peak current density is reached at 0.61 V in the 
negative scan, the value (0.22 mA/cm2) of which is much smaller than that found for the 
positive scan. A shoulder feature around 0.76 V is also discernible.  
 The GOR polarization behavior shows some interesting correlations to the 
features exhibited in the CO stripping profile. The first anodic peak at 0.55 V overlaps 
with the pre-oxidation feature present in CO stripping. The main peak at 0.80 V and its 
shoulder peak correlates with the double-peak feature exhibited in CO stripping. Such a 
correlation suggests that the surface coverage of *CO, or the oxidative removal of *CO, 
is likely a rate-determining factor in the GOR. The appearance of oxidation peak at lower 
potentials in the negative scan than in the positive scan is well correlated to the behavior 
of OHad exhibited in the blank CVs and can be attributed to the blocking of surface sites 
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by OHad when the potential was scanned from the high end. The activation of GOR 
during the initial potential cycles is different from the general scenery with decreasing 
GOR current densities by scanning seen in the previous studies,208, 219-220 and it was not 
observed in our previous study of ethanol and ethylene glycol oxidation on Pt-poly.221 
We can ascribe this phenomenon to the slow process of building up quasi-equilibrium for 
the GOR. It could be due to the high viscosity and relatively low diffusivity of glycerol, 
and/or the accumulation of partially oxidized intermediates (glyceraldehyde, glyceric acid, 
tartonic acid, etc.) on the surface and in the double-layer region of the electrolyte. 
However, surface restructuring during the scans, such as the formation of more low-
coordinated surface sites (such as steps and defects) that are more active for the GOR, 
cannot be excluded.222 It should be pointed out that the peak current density of GOR 
measured here is substantially lower than what we reported before for ethanol and 
glycerol oxidation (about one third),221 indicating more sluggish kinetics of the GOR than 
for the electro-oxidation of C2 alcohols.203, 223-224 
 
Figure 8.3.1. Electrochemical studies of Pt-poly. (a) Cyclic voltammogram and CO 
stripping pattern in 0.1 M HClO4. (b) Cyclic voltammogram collected in 0.1 M HClO4 + 
0.1 M glycerol. 
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 Considering that *CO is likely the intermediate toward CO2 formation, we used 
SFG spectroscopy to track its signal over the course of GOR. Figures 8.3.2a and b present 
the spectra recorded at various potentials in the wavelength region of 1950 – 2150 cm-1 
during the positive and negative scans, respectively. The major peak at 2045-2070 cm-1 
can be assigned to linearly bonded CO (COL).225-226 The COL peak appears at potentials 
as low as 0.05 V, indicating the existence of Pt sites that are capable of cleaving the C-C 
bond in glycerol at low potentials. Such an observation is consistent with the previous 
reports using linear IR or differential electrochemical mass spectrometry (DEMS) 
techniques203, 227-228 (although some other IR studies did not observe COL in the low-
potential region206, 229-231) and also in line with our previous findings for ethanol and 
ethylene glycol oxidation221. The COL peak intensity increases slowly as the potential 
rises in the positive scan, reaching a maximum at ~0.4 – 0.5 V, and then drops steeply at 
higher potentials (Figure 8.3.2c). The potential for reaching this maximum is in line with 
the onset for CO stripping (Figure 8.3.1a) and the first anodic peak of the GOR 
voltammogram (Figure 8.3.1b), confirming the rate-determining role of *CO oxidation in 
the GOR electrocatalysis.203 The COL peak intensity disappears at 0.8 V, where *CO is 
likely completely removed and oxidized into CO2. The COL peak position exhibits a 
slight shift toward higher wavenumbers at more positive potentials, i.e., from 2050 cm-1 
at 0.05 V to 2063 cm-1 at 0.7 V (Figure 8.3.2a), indicating weaker binding of *CO on the 
electrode surface at higher potentials, which could be due to the electrical field effects 
and/or stronger dipole-dipole interactions at higher coverages.232-235 Our observations to a 
large extent resemble the report by Martins et al.,227 but do not include the transition from 
bridge bonded CO (COB) to COL as seen by Schnaidt et al. in the low-potential region 
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(<0.3 V)203.  The absence of COB feature in the spectro-electrochemical studies using 
perchloric acid versus the presence of this feature when sulfuric acid is used has been 
known in the electrocatalysis for ethanol oxidation and ascribed to the relatively low 
coverages of *CO in the latter case.77, 147, 236-238  In the negative scan, the COL peak 
intensity increases rather slowly, and is generally much lower than that for the positive 
scan. This behavior can be correlated to the difference in positive and negative scans 
exhibited in the voltammograms as shown in Figure 1b and underscores the 




Figure 8.3.2. Spectro-electrochemical studies for the GOR. (a, b) SFG spectra recorded 
during (a) positive and (b) negative scans. (c) Comparison of COL peak intensity at 
various potentials based on curve fitting of the single peak. 
With *CO observed at low potentials (<0.3 V) from the spectro-electrochemical 
studies, we further conducted product-resolved electrocatalytic studies to examine the 
capability of Pt for oxidizing glycerol to CO2. These studies were conducted on high-
surface-area Pt/C catalysts under potentiostatic conditions using a H-type electrochemical 
cell.221 The employed commercial Pt/C catalyst has an average particle size of ~6 nm (see 
the inset in Figure 8.3.3a). The CV and CO stripping pattern recorded on Pt/C largely 
resemble those for Pt-poly, albeit with larger double-layer width due to the presence of 
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carbon black (Figure 8.3.3a). The polarization curve for GOR exhibits a major peak at 
0.75 V, together with two shoulder peaks at 0.5 – 0.6 V and ca. 0.85 V (Figure 8.3.3b). 
These features mostly reproduce the behavior of Pt-poly as shown in Figure 8.3.1b, 
except that the peak at ~0.55 V is less visible on Pt/C. The latter difference may not 
indicate the presence of less low-coordinated sites on the surface, but may be due to the 
larger double-layer width of the carbon-supported catalyst. Chronoamperometry was also 
conducted at potentials from 0.45 V to 0.85 V, with averages of the measured current 
shown in Figure 8.3.3b in comparison to the polarization curve (see Figure 8.3.3d for I-t 
curve). The smaller amperometric current than the linear polarization can be attributed to 
the absence of capacitive currents.  
Figure 8.3.3c summarizes the Faradaic efficiency (FECO2) and partial current (JCO2) 
measured for the GOR by using GC-MS. Overall the selectivity toward CO2 is low. The 
highest FECO2 of merely 4.4% is reached at 0.65 V, corresponding to JCO2 of 56 mA/gPt. 
This observation suggests that the partial oxidation pathways toward C2 and C3 products 
are kinetically more favorable. The low selectivity of CO2 has been known for the GOR 
and is usually linked to the large barrier for C-C cleavage and/or the complicated and 
parallel reaction pathways on catalyst surfaces.193, 200-202 However, the low CO2 
selectivity contrasts to the capability of Pt for C-C cleavage at low potentials as revealed 
by our SFG results and many other IR or DEMS studies reported in the literature.203, 227-
228, 239 Martins et al. suggest that oxidation of *CO formed at low potentials (ca. <0.5 V, 
by dissociation of glycerol or its dehydrogenated derivatives) is the primary source of 
CO2 production for the GOR at potentials up to 1.0 V.227 Schnaidt et al. ascribe the 
discrepancy to the blockage of Pt sites required for OHad formation and further oxidation 
143 
 
of glycerol by *CO, as well as a possible high barrier for C-C cleavage at elevated 
potentials (ca. 0.6 – 0.7 V).203 Gomes et al. investigated the GOR on single-crystal Pt 
electrodes and found that C-C cleavage is more favorable on open facets of Pt ((100) and 
(110)) than on close-packed Pt(111), whereas Pt(111) is less poisoned by the C1 or C2 
intermediates generated from the dissociation steps.228 From these discussions and our 
results, we speculate that only some minor sites on Pt (including both Pt-poly and Pt/C) 
can cleave the C-C bond in glycerol, which may still be subject to poisoning by strongly 
binding species such as *CO. The oxidation of *CO requires rather high potentials (>0.5 
V) on Pt, where the barrier for C-C cleavage becomes higher due to the presence of *OH 
on the surface. Noticeably, the rise of the energy barrier for C-C cleavage due to 
oxygenated adsorbates (*O or *OH) has previously been seen in the electro-oxidation of 




Figure 8.3.3. Product-resolved electrocatalytic studies. (a) Cyclic voltammogram and CO 
stripping pattern of Pt/C in 0.1 M HClO4. Inset is TEM image of commercial Pt/C. (b) 
Polarization curve (line) and amperometric specific current (histogram) of Pt/C in 0.1 M 
HClO4 + 0.1 M glycerol. (c) CO2 faradaic efficiency and partial current at various 
potentials during amperometric product analysis. (d) I-t curve of Pt/C during product 
resolved chronoamperometry tests. 
More insights into the reaction mechanism and catalytic selectivity is provided by 
comparative study of isotopically labeled glycerol (HO12CH2-13CH(OH)-12CH2OH). We 
found that the unlabeled glycerol produces 0.3 % to 3.7 % of 13CO2 in the complete 
oxidation product, which can be considered to be within the range of natural abundance 
(~1.1%). The reaction using HO12CH2-13CH(OH)-12CH2OH generates 6.2-12.6% of 
13CO2, which is higher than the natural abundance limit and the case with unlabeled 



































































glycerol (Figure 8.3.4). These results indicate that CO2 is primarily derived from the 
terminal carbon in glycerol, albeit with a minor contribution from the central carbon. We 
also conducted SFG experiments on HO12CH2-13CH(OH)-12CH2OH and found that is 
*CO peak exhibited a small red shift (~8 cm-1) as compared to HO12CH2-12CH(OH)-
12CH2OH (Figure 8.3.5). We did not observe a separate peak for 13COL, which is 
expected to be red-shifted more significantly (~36 cm-1) due to the isotope effect. The 
absence of this distinct peak for 13COL is in contrast to IR studies by Fernandez et al.196, 
229, and we presumably attribute this difference to the small fraction of 13COL produced 
from the central carbon and the overall rather low surface coverage of *CO in the GOR. 
Nevertheless, this observation is largely in line with the relatively low abundance of 
13CO2 in the reaction product as measured by GC-MS (Figure 8.3.4). The findings from 
the isotope experiments imply that cleavage of the C-C bond in the remaining C2 
intermediates is kinetically more challenging than for the first one. The low but non-zero 
selectivity of GOR toward CO2 can thus be ascribed to the rather feasible scission of one 
terminal carbon in glycerol (or its C3 derivatives), albeit high potentials still needed to 
oxidize the generated *CO (one per glycerol molecule), and unfavorable kinetics for 




Figure 8.3.4. Electrocatalytic study of GOR using isotopically labeled glycerol. The ratio 
of 13CO2 in the product measured using GC-MS is compared to the result from unlabeled 
glycerol and the baseline of natural abundance. 
 
Figure 8.3.5. (a) SFG spectra of HO12CH2-13CH(OH)-12CH2OH during electro-oxidation 
at various potentials. (b) Comparison of the *CO peak position of HO12CH2-13CH(OH)-
12CH2OH and HO12CH2-12CH(OH)-12CH2OH. 













































In summary, we combined spectro-electrochemical studies of extended surfaces 
using sum frequency generation (SFG) and product-resolved electrocatalytic 
measurements on high-surface-area catalysts to investigate the glycerol oxidation 
reaction (GOR) on Pt. Adsorbing CO as reaction intermediate was observed at potentials 
as low as 0.05 V on Pt-poly, indicating the capability of Pt to cleave the C-C bond in 
glycerol at low potentials. The feasibility of C-C cleavage observed in the spectro-
electrochemical studies contrasts with the low selectivity toward CO2 (with a Faradaic 
efficiency of <4%) measured by the electrocatalytic studies on Pt/C. The discrepancy was 
ascribed to the rather feasible cleavage of one terminal carbon to form *CO, but 
kinetically hindered oxidation of *CO and further dissociation of the left C2 fragments at 
low potentials, whereas at high potentials partial oxidation pathways become more 
favorable due to suppressed C-C bond cleavage. Our findings suggest that, to improve the 
performance of Pt for complete oxidation of glycerol, one would need to enhance the 
oxidative removal of dissociation residues by, for example, introducing a 3d metal to 
form an alloy240 or surface metal oxides to enhance the adsorption of hydroxide98 without 
obstructing the active sites for C-C cleavage.  




Chapter 9. Controllable Synthesis of MoS2 for 
Hydrogen Evolution Reaction Purpose 
9.1 Introduction 
The past decade has witnessed a remarkable growth of research interests in two-
dimensional (2D) nanomaterials. Composed of a single layer of carbon atoms in a 
honeycomb-type of structure, graphene has been intensively studied to show exotic 
physical properties that are not present in its bulk counterpart (graphite).241 Besides 
graphene, many other 2D layered materials have received great attention,242-243 such as 
transition metal chalcogenides (TMCs),244-246 metal oxides (e.g., MnO2, LiCoO2 and 
perovskites),247-250 carbides/nitrides251-252 and graphene analogues such as boron nitride 
(BN)253 and silicene254. Among these materials 2D TMCs have received particular 
attention. With a standard formula of MX2 (M is a transition metal of groups 4–10 and X 
is a chalcogen), these materials form  layered  structures  with  the  hexagonally  packed  
metal  atoms  sandwiched between two layers of chalcogen atoms. The diverse structures 
and versatile chemistries of 2D TMCs make them appealing for a variety of applications 
including electronics, sensors, energy storage and catalysis.242-245 
2D TMCs can be prepared by either exfoliation of bulk crystals (top-down) or direct 
chemical synthesis (bottom-up). In the top-down approach, the lamellar layers of TMCs 
are usually peeled off by micromechanical cleavage,255-256 liquid exfoliation,8 and 
chemical intercalation.257-261 Direct chemical synthesis of 2D TMCs has also been 
reported, mostly done by chemical vapor deposition (CVD) on appropriate substrates.246, 
262-266 Alternatively, TMC nanosheets have also been synthesized by solution approaches, 
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including hydrothermal267-269 and organic solvothermal synthesis270-275. For example, 
Matte et al. used molybdic or tungstic acid to react with thiourea or selenourea in a 
hydrothermal process and obtained 2D MoS2 or WS2 of one to a few layers.267 Unlike the 
top-down and CVD approaches, the solution synthesis produces free-standing, colloidal 
nanosheets from feasible chemical reactions, which could be advantageous for further 
modification and functionalization, as well as scaling up. Compared to the overwhelming 
exfoliation methods, the bottom-up synthesis could provide more robust control over the 
growth process to tailor the structures of the materials. For example, a recent study by 
Jung et al. showed that the thickness of WSe2 nanosheets can be tuned by using 
coordinating ligands of different binding strengths, with monolayer WSe2 and MoSe2 
nanosheets obtained with weakly binding oleic acid.275 Despite the many advantages, 
reports on solution synthesis of 2D TMCs are however limited and robust control over 
the size, including the in-plane (lateral) diameter and degree of stacking,267-275 still 
remains challenging, in contrast to the enormous progress that has been made on the 
development of zero- and one-dimensional nanomaterials by this approach.276-278 
Moreover, the solution processes, particularly in organic phases, usually involve organic 
ligands for stabilization of the nanocrystals during growth, which might block electrical 
contact and chemical access to the surface of the materials and hinder functional 
applications (especially for catalysis112) of the products obtained by this approach.  
Here we report on the organic solution ultrathin MoS2 nanosheets in attempt to 
control the lateral sizes and degrees of stacking. Ultrathin MoS2 nanosheets of a few (<3) 
layers in thickness were synthesized by thermal decomposition of molybdenum carbonyl 
and subsequent sulfurization with element sulfur (Figure 9.1.1, and also see the 
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Experimental Method section). The in-plane size of the nanosheets was tuned from <5 to 
20 nm by controlling the temperature and time of growth. Thermal annealing of the 
nanosheets at various temperatures was applied to manipulate the degree of stacking 
without causing significant agglomeration in-plane. The obtained nanosheets were further 
applied as electrocatalysts for the hydrogen evolution reaction (HER) and the effects of 
lateral size and stacking on the catalytic activity were examined.  
 
Figure 9.1.1. Schematic illustration of MoS2 synthesis process. 
9.2 Experimental Method 
Synthesis 
In a typical synthesis, 1 mmol of molybdenum hexacarbonyl (Mo(CO)6) was dissolved in 
10 ml of 1-octadecene and 1 ml of oleylamine with a three-neck flask. Under nitrogen 







as indicated by the change of solution color from light yellow to dark brown. To this hot 
solution 2 mmol of elemental sulfur dissolved in 1ml of oleylamine and 1ml of 1-
octadecene was injection quickly. The temperature was further raised to 300 °C for 
growth. After the reaction, the product was collected by adding iso-propanol and 
centrifuge. The product was further washed with acetone and re-dispersed in toluene.  
Characterization 
Transmission electron microscopy (TEM) images were collected on a 120 kV, FEI 
Tecnai 12 TWIN microscope operated at 100 kV. A 300 kV, field emission Phillips 
CM300-FEG was used for high-resolution TEM (HRTEM) imaging. X-ray diffraction 
(XRD) patterns were collected on a PANalytical X’Pert Powder X-Ray Diffractometer 
equipped with a Cu Kα radiation source (λ=0.15406). High-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) was conducted on a JEOL 
2200FS TEM/STEM equipped with a CEOS aberration (probe) corrector. The 
microscope was operated at 200 kV, and the electron beam size was ∼0.7 Å for imaging. 
Fourier Transformed Infrared Spectroscopy (FTIR) was performed on the nanoparticles 
with a Varian 640 Spectrophotometer. X-ray photoelectron spectroscopy (XPS) 
measurements were done on a PHI 5600 Multi-technique photoelectron spectrometer 
using a Mg Kα X-ray source. The X-ray source was operated at 15kV, 300W and a pass 
energy of 5.85eV was used to sample ejected photoelectrons from the Mo(3d) and S(2s) 
regions. Peak fitting of the Re(4f) region was performed using the CasaXPS software and 
a Gaussian-Lorentzian (30) line-shape. Raman spectra were measured with HORIBA 
Jobin Yvon LabRAM HR Raman System at room temperature with 514-nm excitation 
and 1-µm spatial resolution, the spectrum resolution of the system is <0.4 cm-1. 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was collected with a 
PerkinElmer Elan DRC II Quadrupole. 
Electrochemistry 
For electrocatalytic studies, the MoS2 nanosheets were mixed with carbon black (~900 
m2/g) at 2:1 mass ratio by sonication. After drying in air, the obtained powder was 
annealed at 185oC in air overnight. The obtained catalyst was dispersed in deionized 
water by sonication. An aliquot of the formed suspension was deposited onto a glassy 
carbon disk electrode at a loading of ~100 μgcata/cm2disk. The HER activities were 
measured with a three compartment electrochemical cell in rotational disk electrode 
(RDE, 5 mm diameter) configuration and an Autolab 302 potentiostat. A saturated 
Ag/AgCl electrode and a platinum wire were used as reference and counter electrodes, 
respectively. A solution of 0.1 M HClO4 was used as electrolyte. All the potentials 
discussed in the main text were given against the reversible hydrogen electrode (RHE). 
All current densities are normalized by mass of Mo unless noted otherwise. 
9.3 Results and Discussion 
Synthesis and Characterization. Sulfur could directly react with Mo, or fast react with 
oleylamine to generate H2S at elevated temperatures (>130 oC) which then reacts with 
Mo (meanwhile release H2),279 to produce MoS2 monomers. Transmission electron 
microscopy (TEM) images show that small clusters (<2 nm in diameter) formed at 200 
oC after the addition of S (Figure 9.3.1a, corresponding to the “nuclei” stage in Figure 
9.1.1). When the temperature reached 300 oC, single-layer nanosheets appeared with 
lateral sizes smaller than 5 nm (Figure 9.3.1b), likely formed through preferential growth 
or oriented attachment280 of the previously formed nuclei species laterally (Figure 9.1.1). 
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These small nanosheets were found to undergo further growth and reach a lateral size of 
10 nm after 15 min, and 15 – 20 nm after 30 – 60 min of growth at 300 oC, respectively 
(Figure 9.3.1c, d and e). During this process the degree of stacking in c-axis direction 
merely increased, and the nanosheets finally obtained has a thickness of 1 – 3 layers. It is 
noticed that this observation is different from the recently reported synthesis of MoSe2 
nanosheets by using oleylamine as both the surfactant and solvent where thick slabs (4 – 
8 layers) were obtained, which is probably owing to the different reaction conditions used 














Figure 9.3.1. TEM images of products collected at (a) 200 °C and (b) 0 min, (c) 5 min 
and (d) 60 min at 300 °C. 
 
The anisotropic growth likely originates from the layered crystal structure of MoS2. 
The Mo–S bond within the MoS2 layer is covalent, while the interlayer coupling is 
through weak van der Waals forces. Monomers deposited on the edge thus possess lower 
free energy than deposited on the basal plane of the MoS2 layer. Similar energy 
difference is also present between the attachment of nanosheets in plane and the stacking 
along c-axis.  
The as-synthesized MoS2 nanosheets exhibit a polycrystalline nature, as revealed by 
high-resolution TEM (HRTEM) imaging and X-ray diffraction (XRD) analysis. The 
lattice fringes in the HRTEM images are not well defined, probably owing to the low 
contrast of the ultrathin nanosheets and presence of organic surfactants (Figure 9.3.2a). 
Correspondingly, the XRD pattern shows only two weak, broad peaks at 33o and 59o, 
which could be assigned to the (100) and (110) planes of MoS2 in the 2H phase (Figure 
9.3.3a).245 The absence of (002) peak at ~14o indicates that the MoS2 nanosheets are of 
low degree of stacking in c-axis direction, which is consistent with the observation of <3 
layer in thickness from TEM images (Figure 9.3.1 d and e). Raman spectrum of the as-
synthesized nanosheets exhibits two broad peaks at 383 and 406 cm-1, corresponding to 
the in-plane E2g1 and A1g modes of Mo‒S phonons, respectively (Figure 9.3.3b). The 
rather broad peaks could be due to the polycrystalline nature or varying thickness of the 
nanosheets, while the spacing between the two peaks (23 cm-1) indicates the thickness of 
the nanosheets is two to three molecular layers.255 X-ray photoemission spectroscopy 
(XPS) analysis of the as-synthesized MoS2 nanosheets shows Mo, S, O and C lines in the 
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spectrum (Figure 9.3.3d). The Mo 3d peaks were de-convoluted and MoS2 was found to 
be the major component (~84 atom %) albeit the presence a small amount of MoO3. The 
peaks observed at 229.1 eV and 232.5 eV correspond to Mo 3d5/2 and 3d3/2 in MoS2,281-282 
while the peaks at 232.2 eV and 235.6 eV for Mo 3d5/2 and 3d3/2 in MoO3; The peak 
located at 226.4 eV can be attributed to S 2s. The presence of a small ratio (16%) of 
MoO3 could be due to the existence of a small amount of oxygen or moisture in the 















Figure 9.3.2. HRTEM images of the (a) as-synthesized, (b) 500oC annealed and (c) 
1000oC annealed MoS2 nanosheets. (d) Atomically resolved images of a MoS2 monolayer 
from the annealed nanosheets. The arrows in (b) label the stacked double layers of 
nanosheets. The insert in (d) shows a STEM image indicating the six-fold symmetry of 
the Mo atoms.  
 
 
Figure 9.3.3. (a) XRD pattern of MoS2 treated under various temperature. (b) Raman 
spectra of as-synthesized and 185 °C annealed MoS2. (c) FT-IR spectra of oleylamine, as-
synthesized and 185 °C annealed MoS2. (d) XPS spectra of MoS2 treated under various 
temperature. 
Thermal Treatments. To remove the organic ligands for catalytic applications, the as-
synthesized MoS2 nanosheets were annealed in air at 185 oC. This treatment was 
previously applied to clean metal nanoparticles obtained from organic solution synthesis, 
and the treated nanoparticles were found to be catalytically active.112 The Fourier 
Transform Infrared Spectroscopy (FTIR) analysis of the as-synthesized MoS2 nanosheets 






























































cm-1 for the symmetric and asymmetric stretching of ‒CH2 or ‒CH3 groups and the 
stretching mode of (=)C–H  at 3004 cm-1 (Figure 9.3.3c). The absence of the peak 
associated with ‒NH2 at ~3300 cm-1 could be due to the binding of oleylamine to MoS2 
through the amine group. These peaks were found to disappear in the spectrum for the 
nanosheets after annealing at 185 oC, demonstrating that the thermal treatment was 
sufficient to remove the surfactants on the nanosheets.  
For the 20 nm MoS2 nanosheets, chemical nature of the nanosheets was largely 
preserved after the surfactant removal, although the molibdite content increased slightly 
from 16% to 29% (Figure 9.3.3d). Crystal structure of the treated nanosheets was found 
to be still hexagonal (Figure 9.3.3a), and Raman spectrum shows the E2g1 and A1g peaks 
preserved (despite broadening due to more disordering268), indicating that the MoS2 
nanosheets were reasonably stable under the conditions of thermal treatment in air 
(Figure 9.3.3b). The increase of molibdite after annealing in air might be owing to 
oxidation of the edges of the nanosheets, which was confirmed by the higher extent of 
oxidation observed on the MoS2 nanosheets of smaller sizes. The 10 nm nanosheets were 
found to preserve ~55% content as MoS2 after the annealing at 185 oC in air, compared to 
~51% for the 5 nm ones (Figure 9.3.4). For all of the nanosheets, the Raman scattering 
peaks were found to preserve after this treatment, indicating the preservation of 2D 
crystalline planes (Figure 9.3.5). It is noticed that the edge oxidation observed here could 
be different from the case in the previous report on the MoS2 nanosheets obtained by the 
hydrothermal reaction of ammonium molybdate with thiourea, where the oxygen in small 





Figure 9.3.4. XPS spectra of the MoS2 nanosheets of different sizes annealed at 185 oC in 
air. The contents of MoS2 were estimated to be 51%, 55% and 84% for the 5, 10 and 20 
nm MoS2 nanosheets. 
 






























Figure 6.3.5. Raman spectra of the 5 and 10 nm MoS2 nanosheets before and after the 
annealing at 185 oC. 
Further thermal annealing at higher temperatures in Ar could reduce the content of 
oxidized molybdenum in the nanosheets after the treatment in air. For example, after 
annealing at 1000 oC, the MoO3 content in the 20 nm MoS2 nanosheets was reduced to 
12.6% (Figure 9.3.3d). Such high-temperature treatments also improve the crystallinity of 
the nanosheets and cause stacking of the nanosheets along c axis. HRTEM images show 
that after annealing up to 500 oC, no substantial stacking occurred (Figure 9.3.2b), which 
is consistent with the observation from XRD (Figure 9.3.3a). It was found that the degree 
of stacking increased up to ~10 MoS2 layers after annealing at 1000 oC, whereas the 
lateral size was largely preserved despite some aggregation (Figure 9.3.2c). The 
preservation of lateral size upon annealing could be due to the small probability of 
alignment in plane for the 2D morphology in the powder form with random orientations, 
which is in contrast to the stacking in c axis and the substantial aggregation and 
agglomeration of nanoparticles upon high-temperature annealing283. Two sets of lattice 
fringes were observed in the annealed nanosheets with inter-layer spacing measured to be 
0.62 and 0.27 nm, which can be assigned to the (002) and (010) planes of hexagonal 
MoS2, respectively (Figure 9.3.2 b and c). After annealing above 500 oC the nanosheets 
exhibited a single-crystalline nature, with the Mo atoms showing six-fold symmetry in 
scanning transmission electron microscopy (STEM) images (Figure 9.3.2d). 
Electrocatalysis. MoS2 has recently received great attention as electrocatalysts for the 
hydrogen evolution reaction (HER), mainly owing to its potential as an earth-abundant, 
low-cost alternative to precious metals such as platinum (Pt).245-246, 284 The previous work 
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on Au(111)-supported MoS2 monolayers shows that metallic edge states associated with 
the coordinatively unsaturated Mo edges are active sites for the HER.246 Substantial effort 
has thus been dedicated to the nanostructure engineering of MoS2 catalysts in order to 
maximize the exposure of these active sites, including intercalation of lithium,260-261, 284 
controlling the crystal plane orientation,285-286 incorporation of oxygen,268 tuning the 
degree of stacking,265, forming composites with conductive polymer287 or graphene288-289, 
and so on. Our synthesis has provided a novel approach to control and tune the lateral 
size and stacking of MoS2 nanosheets. With the demonstrated surfactant removal, this 
approach thus enabled us to systematically study the structure-property relationship of the 
solution derived 2D MoS2 nanomaterials.     
Figure 9.3.6 summarizes the electrochemical studies of MoS2 nanosheets of different 
in-plane sizes but with similar degree of stacking (<3 layer in thickness). All the 
nanosheets (5, 10 and 20 nm, corresponding to the TEM images shown in Figure 6.3.2 b–
d, respectively) have a similar onset potential of about ‒0.2 V (vs. reversible hydrogen 
electrode (RHE); the same in the following discussion), compared to −0.27 V of 
commercial MoS2 slabs (Figure 9.3.6 a and b, also see Figure 9.3.7 for TEM images of 
commercial MoS2). This implies that the MoS2 nanosheets of different sizes likely have 
active sites of similar chemical nature.290 At −0.3 V, the current density reaches 0.39, 
0.49 and 0.97 A/mgMo for the 20, 10 and 5 nm nanosheets, respectively (Figure 9.3.6a), 
representing improvement factors of 10-25 compared to the commercial MoS2 (0.036 
A/mgMo). Tafel slopes of the nanosheets was found to be slightly dependent on the lateral 
size, dropping from 76 to 63 mV/dec as the size decreases from 20 to 5 nm, compared to 
195 mV/dec for commercial MoS2 and 46 mV/dec for Pt/C (Figure 9.3.6b), indicating the 
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nanosheets of smaller size are more active. These values of Tafel slopes approach those 
previously reported results for oxygen-incorporated268 or Li-intercalated MoS2 
nanohseets of high HER activities260-261, 284, indicating the potential of simply tailoring 
the geometry of the 2D nanomaterials for catalytic enhancement. Amperometry studies at 
−0.3 V over a period of 3 minutes showed that the 20, 10 and 5 nm nanosheets reached 
steady-state current densities of 0.29, 0.36 and 0.70 A/mgMo, respectively (Figure 9.3.6c). 
The 20 and 10 nm nanosheets exhibited durable HER activities and the drop in current 
density was not more than 10%, versus 15% for the 5 nm nanosheets which turned out to 
be less stable. The result reported here shows the activity increases as the lateral size 
decreases which could be attributed to the increase in edge site number and this agrees 
with previous reports6. 
 
Figure 9.3.6. Summary of electrochemical studies for the MoS2 nanosheets of different 
lateral sizes. (a) Polarization curves recorded at 10 mV/s in 0.1 M HClO4 and (b) 
corresponding Tafel plots. (c) Amperometry measured at ‒0.3 V vs. RHE. 













































































Figure 9.3.7. TEM image of the commercial MoS2 from Alfa Aesar.  
 
Besides the lateral size, the HER activity was also found to be dependent on the 
degree of stacking for MoS2 nanohseets. As discussed above, the annealing in Ar at high 
temperatures had induced stacking of the nanosheets whereas the lateral size had been 
kept rather consistent (Figure 9.3.2). For the 20 nm MoS2 nanosheets annealed at 500 and 
1000 oC, the current density at ‒0.3 V dropped from 0.39 to 0.21 and 0.02 A/mgMo, 
respectively (Figure 9.3.8a). Correspondingly, the Tafel slope increased from 76 to 92 
and 97 mV/dec (Figure 9.3.8b) and the steady-state current densities decreased from 0.29 
to 0.18 and 0.02 A/mgMo after the annealing at 500 and 1000 oC, respectively. The 
observation that thinner nanosheets were more active for the HER and Tafel slope 
increase as stacking degree increase is consistent with the previously reported stacking-
dependent electrocatalytic properties for MoS2265. Such a trend could be ascribed to the 
smaller resistances for charge conduction between adjacent layers, which is via tunneling 




Figure 9.3.8. Summary of electrochemical studies for the 20 nm MoS2 nanosheets 
annealed at different temperatures. (a) Polarization curves recorded at 10 mV/s in 0.1 M 
HClO4 and (b) corresponding Tafel plots. (c) Amperometry measured at ‒0.3 V vs. RHE. 
9.4 Conclusion 
We have developed an organic solution approach for the synthesis of ultrathin MoS2 
nanosheets by subsequent thermal decomposition of molybdenum carbonyl and 
sulfurization with elemental sulfur. The lateral size of the nanosheets was tunable in the 
range of 5 – 20 nm by controlling the reaction conditions, while the stacking along c axis 
was manipulated from <3 to ~10 molecular layers by applying post-synthetic thermal 
annealing at different temperatures. Surfactant removal by thermal treatments was also 
demonstrated for the nanosheets without causing significant changes to the chemical 
composition or morphology. Electrochemical studies showed that the MoS2 nanosheets 
were highly active for the HER with improvement factors of 10-25 compared to 
commercial MoS2, and the Tafel slopes were in line with the previous reports on oxygen 
incorporated or lithium intercalated MoS2 nanosheets. The catalytic activity was further 
found to improve as the lateral size increases and the degree of stacking reduces. The 
former dependence can be ascribed to the edge sites being the active sites and improved 
chemical stability of the nanosheets with larger in-plane sizes during the treatment for 










































































surfactant removal, whereas the latter is likely a result of smaller resistance in thinner 
nanosheets, respectively. Our approach could be generalized to the synthesis of other 
transition metal chalcogenides, and the capability of synthetically tuning the materials 
dimensions at the nanoscale possesses great potential for tailoring the 2D nanomaterials 






Chapter 10. Outlook 
In previous chapters, various materials had been investigated for their catalytic 
behavior toward alcohol electro-oxidation. Significant enhancement in activity and CO2 
selectivity had been accomplished by Pt/Sn binary nanomaterials. However, to achieve 
commercially viable direct alcohol fuel cells (DAFCs), current CO2 selectivity (11 % for 
ethanol electro-oxidation, 28 % for ethylene glycol and 4 % for glycerol) is still not 
satisfactory and would need to be further enhanced. Considering the unsuccessful 
attempts of tailoring catalyst composition and structure in Chapters 6 and 7, it might be 
more worthwhile to investigate DAFCs operating at elevated temperature. Otomo et al. 
investigated electro-oxidation of ethanol, ethylene glycol and glycerol at 230 – 260 °C 
and reported C-C bond dissociation ratio above 90 %.291-293 However, thermal 
decomposition of alcohol also contribute to reaction and a considerable amount of 
product would be H2, CH4. Wang et al. characterized the product of DEFC operating at 
150 – 190 °C and reported CO2 selectivity reaching 20 – 40 %.294 Alcohol electro-
oxidation showed a higher tendency toward complete oxidation and intermediate 
temperature DAFCs may be a promising energy conversion device. The future direction 
of this research project is, thus, investigate DAFCs operating at elevated temperature, 
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